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Conventional farming systems are highly reliant on chemical fertilizers (CFs), which
adversely affect soil quality, crop production and the environment. One of the major
current challenges of current agriculture is finding ways to increase soil health and crop
yield sustainably. Manure application as a substitute for CF is an alternative fertilization
strategy for maintaining soil health and biodiversity. However, little is known about the
complex response of soil bacterial communities and soil nutrients to manure and CFs
application. This study reports the response of soil nutrients, rice yield, and soil microbial
community structure to 2 years of continuous manure and CFs application. The study
consisted of six treatments: no N fertilizer control (Neg-Con); 100% CF (Pos-Con);
60% cattle manure (CM) + 40% CF (High-CM); 30% CM + 70% CF (Low-CM); 60%
poultry manure (PM) + 40% CF (High-PM), and 30% PM + 70% CF (Low-PM). We used
high-throughput sequencing of 16S ribosomal RNA gene amplicons to characterize the
soil bacterial communities. Results revealed that the addition of manure significantly
altered the soil bacterial community composition and structure; and enhanced the
relative abundance of phyla Proteobacteria, Chloroflexi, Firmicutes, Acidobacteria, and
Planctomycetes. Organic fertilizer treatments, particularly high CM and PM had the
highest measured soil bacterial diversity of all treatments. Similarly, integrated application
of manure and CFs increased the soil biochemical traits [i.e., pH, total N (TN), soail
organic C (SOC), microbial biomass N (MBN), and microbial biomass C (MBC)] and rice
grain yield. Average increases in SOC, TN, MBN, and MBC were 43.66, 31.57, 24.34,
and 49.45%, respectively, over the years in the High-PM compared with Pos-Con.
Redundancy analysis showed that the dominant bacteria phyla were correlated with soil
pH, SOC, TN, and microbial biomass, but the relative abundance of Proteobacteria was
strongly correlated with environmental factors such as soil pH, SOC, TN, and MBC. We
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employed a structural equation model to examine the relationship between microbial
biomass, soil nutrients and grain yield among treatments. This analysis supported
the hypothesis that soil nutrient content and availability directly affect rice grain yield
while soil bacteria indirectly affect grain yield through microbial biomass production
and nutrient levels. Overall, the findings of this research suggest that the integrated
application of CF and manure is a better approach for improving soil health and rice yield.

Keywords: paddy field, organic manure, chemical fertilizer, soil chemical properties, bacterial community, grain

yield

HIGHLIGHTS

- Manure plus mineral fertilizer improved rice yields and
enhanced soil bacterial community composition in a dual
cropping system.

- All of the soil bacterial communities in soils were dominated
by Acidobacteria, Proteobacteria, and Chloroflexi.

- Manure inputs enhanced soil microbial-derived C and N
relative to chemical fertilization.

- Soil pH and soil organic C were the keys to regulating soil
microbial community structure.

INTRODUCTION

Rice (Oryza sativa L.) is grown worldwide and is a staple
food for more than 65% of the Chinese (Chauhan et al,
2017). An appropriate fertilization plan and sufficient soil
quality are required for high crop production. To enhance
crop production, farmers have increased the application of CFs.
Although CFs, particularly nitrogen (N), has been one of the
main factors driving rice yield enhancements over the last four
decades, the low N-use efficiency caused by N overuse has
led to serious environmental problems (e.g., soil acidification,
degradation, biodiversity loss, water eutrophication, declining
soil productivity, and increasing greenhouse gas emissions)
that have attracted global attention (Duan et al.,, 2019; Zhang
et al, 2019). A change in the source of N fertilizer is urgently
needed to reduce the negative effects of CF. However, more
research is needed to identify methods for increasing soil fertility,
achieving sustainable and stable rice production, and reducing
the use of synthetic N.

Prior studies have demonstrated that an effective way of
improving soil health and crop productivity is to use a
combination of manure and CFs (Igbal et al., 2019; Oladele
et al., 2019). Manure application can change a soil’s physical
and biochemical properties, improve soil enzymatic activity, and
decrease or eliminate harmful impacts of the CF-only overuse
on soil health (Gu et al., 2015; Qaswar et al., 2020). Moreover,
manure could deliver further benefits over synthetic fertilizers,
such as improving soil structure, fertility, and sustaining soil
health ( Ali et al., 2020a; Luo et al., 2020) without sacrificing, and

Abbreviations: OF, organic fertilizer; PM, poultry manure; CE, chemical fertilizer;
CM, cattle manure; TN, total nitrogen; SOC, soil organic carbon; AN, available
nitrogen; MBC, microbial biomass carbon; OTUs, operational taxonomic units.

sometimes increasing, crop yields and grain quality (Cercioglu,
2017; Ali et al, 2020b). The increase in grain yield induced
by manure fertilization is mainly due to enhancements in
soil nutritional status, environmental variables, and microbial
community composition (Jarvan et al., 2014; Zhang et al., 2021).
However, these previous investigations were performed on a
weight basis rather than the fertilization of organic fertilizer
on a specific N percentage integrated with CFs in the paddy
field. This has developed a gap in examining the influence
of combined organic and inorganic nitrogen fertilizer on soil
biochemical properties and microbial population based on
particular concentration instead of weight.

Soil microorganisms play an important role in farming
systems by controlling biogeochemical processes such as
organic matter decomposition, nitrogen mineralization, and
recycling (Xu et al, 2013), as well as promoting plant
nutrient uptake and aboveground plant growth (Harris, 2009;
Chaparro et al,, 2012; Wagg et al., 2019). The soil bacterial
community is critical for soil fertility and function due to
their involvement in decomposing organic residues, releasing
enzymes into the soil, recycling nutrients, and water (Ingham,
2009 ; Stroobants et al., 2012). Fertilizer application can alter
belowground bacterial communities by changing soil’s physical
and biochemical characteristics (Yu et al., 2019; Li P. et al,,
2020). Therefore, belowground microorganisms are influenced
by fertilizer application and can impact plant growth by altering
soil nutrient turnover and status (van der Heijden et al., 2008;
Wang et al, 2021). The regulation and improvement of soil
microbial community diversity and activity may thus serve as
a potential fertilization approach for improving soil health and
crop yield while limiting the negative environmental impact of
synthetic N fertilization, thus contributing to the sustainability of
the farming system.

The structure and composition of soil bacterial communities
require time to stabilize (Hartmann et al., 2015). Understanding
how soil bacterial communities react to continuous fertilization
is crucial for directing the development of an effective rice field
fertilization plan. Prior studies have reported that continued
fertilization of organic manure alone or combined with
CF can increase soil microbial communities’ diversity and
abundance and improve soil quality ( Kumar et al., 2017; Cui
et al, 2018; Pérez-Valera et al., 2022). Appropriate manure
application can regulate the soil microbial community and
improve the soil’s micro-ecological environment (Ikoyi et al.,
2020; Li T. et al, 2020; Houetal., 2022). Cui et al. (2018)
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found that applying organic fertilizer combined with CFs
enhanced the abundance of Chloroflexi, Proteobacteria,
Actinobacteria, Planctomycetes, and Firmicutes. Some research
has concentrated on dryland soil agro-ecosystems (Wei
et al., 2017), and only a few studies have published bacterial
community characteristics in paddy soils. However, the
effect of combined treatment of organic fertilizer and CFs
on the bacterial community structure and its relationships
with soil environmental variables in paddy fields have not
been examined. Thus, characterize the variations in soil
microbial biomass and bacterial community structure under
different fertilizer treatments before implementing novel
fertilization strategies to improve soil ecosystem health and
plant productivity.

The double-rice cropping pattern is an important rice
cultivation system in southern China, where low rice yields
and high CFs application are common (Zhu et al, 2019).
This study is based on an ongoing experiment in a rice
field, with the following objectives: (i) explore the effect
of organic and chemical N fertilization on rice yield, soil
properties, and bacterial community structure (ii) examine
the influence of integrated fertilization on the correlation
among soil bacterial community and soil biochemical traits;
and (iii) assess the contributions of organic-inorganic N
fertilization, soil properties, and microbes to increase in rice
yield. We assumed for the current study that animal manure
combined with CFs could enhance soil biochemical traits
and bacterial community composition, which has a positive
role in higher soil quality and rice grain yield. The main
objective of this study is to provide a theoretical background
for scientific fertilization practices and reasonable rice cultivation
while aiming to reduce chemical fertilizer (CF) use and
environmental degradation.

MATERIALS AND METHODS

Experimental Site

The field study at the rice research station of Guangxi University,
Nanning, China, was started in 2019. This location has a sub-
tropical monsoon climate, with approximately 1,300 mm of
annual rainfall and an average annual temperature of 24.6°C.
The soil is defined as Ultisols (United States Department of
Agriculture soil classification) and is acidic (pH 5.96). A soil test
showed that the total nitrogen (TN) was 1.66 g kg~! and soil
organic carbon (SOC) was 18.74 g kg~ !; other soil properties are
provided in Table 1.

Experimental Setup

The dual cropping seasons ranged from March to July (early
season) and July to November (late season). The experimental
study was established in a randomized complete block design
with three replications. Organic manure [cattle manure (CM)
and poultry manure (PM)] and CF urea were used, and
the combinations of treatment were: no N fertilizer control
(Neg-Con); 100% CF in the form of urea (Pos-Con); 60%
CM + 40% CF (High-CM); 30% CM + 70% CF (Low-CM);

60% PM + 40% CF (High-PM), and 30% PM + 70% CF (Low-
PM). We grew the Zhenguiai, a broadly cultivated cultivar in
Guangxi Province. This cultivar has a short growth duration
(approximately 110-120 days) with a morphological structure
and high grain filling rate (Li et al, 2006). Rice seeds were
grown, and 25-days old seedlings of even size were transferred
into the fields. Except for Neg-Con, which received no N
fertilizer amendments, the recommended dose of N, P, and K
at a rate of 150:75:150 (kg ha~!) was applied to each plot
(Sapkota et al., 2020). Table 2 shows the nutrient content of
manure and the amount of each treatment. The potassium
(KCI) and N fertilizers were delivered in three stages: 50%
prior to transplantation, 30% during tillering, and the remaining
20% during the heading period. All phosphorous fertilizer was
supplied as a base dose before transplanting. Furthermore,
uniform flooding continued from seedling transplantation
to rice physiological maturity. Normal agricultural practices,
such as irrigation and insecticide application, were performed
for all regimes.

Soil Sampling and Analysis

Soil Properties

Soil samples were collected using a core sampler at depth
(0-20 cm) from each plot post rice harvest in 2019-2020.
Samples were obtained from various places in each plot and
then combined to produce a mixture, separated into two parts:
one for nutrient measurements and the other for molecular
examination. Soil organic C (SOC) was measured using the
K,Cr,07-H,S04 oxidation method as described by Wang et al.
(2003). In addition, for total N, 200 mg of the soil samples
were treated according to Ohyama et al. (1991). Finally, TN
was determined by the micro-Kjeldahl method as recommended
by Jackson (1956). For soil available N, P, and K and pH
were assessed by the procedures of Lu (2000). The fumigation
extraction technique was used to examine microbial biomass
carbon (MBC) as described by Brookes et al. (1985) and microbial
biomass nitrogen (MBN) by the technique of Vance et al
(1987).

TABLE 1 | Soil and organic manure physical and chemical properties before the
experimentation.

Properties Soil Cattle Poultry
manure manure
pH (water) 5.97 7.83 7.99
Moisture content (%) 12.03 - -
Bulk density (g cm~3) 1.34 0.80 0.74
SOC (g kg™ ") 18.74 161 145
Total N (g kg~ ") 1.66 9.57 12.98
Total P (g kg™ ") 0.85 11.10 9.35
Total K (g kg~ 1) - 13.83 10.06
Available N (mg kg~ 1) 158 - -
Available P (mg kg~ 1) 27.83 - -
Available K (mg kg~ ") 26.73 - -

N, nitrogen; SOC, soil organic carbon; R, phosphorous; K, potassium.

Frontiers in Plant Science | www.frontiersin.org

June 2022 | Volume 13 | Article 895230


https://www.frontiersin.org/journals/plant-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/plant-science#articles

Igbal et al.

Manure Application Improves Soil Fertility

Extraction of DNA and PCR Amplification

DNA was extracted from wet soil samples (0.25 g) following
the guidelines of the E.Z.N.A. Soil DNA Kit of the Omega,
United States. Extracted DNA (50 ng/reaction) was used as
a template in standard 16S ribosomal RNA (rRNA) gene
amplification targeting the V3-V4 variable regions of microbial
16S rRNA genes, as described previously (Sundberg et al., 2013).
The primers used included 341F (CCTACGGGNGGCWGCAG)
and 805R (GACTACHVGGGTATCTAATCC) (Klindworth et al.,
2013). Primers contained Illumina sequencing adapters and
sample-specific barcodes. PCR reactions were performed using
mastermix, with the following cycling conditions: 94°C for
3 min, followed by 5 cycles at 94°C for 30 s, 45°C for 20 s,
65°C for 30 s, and then 20 cycles at 94°C for 20 s, 55°C
for 20 s, 72°C for 30 s with a final extension of 72°C for
5 min. Library preparation and sequencing were performed
by Ilumina MiSeq system (Illumina MiSeq, United States)
(Claesson et al., 2010).

lllumina MiSeq Sequencing

After PCR, amplicons of the correct size were extracted from 2%
agarose gels and purified by an AxyPrep DNA Gel Extraction Kit
(Axygen Biosciences, CA, United States). The amplicons were
quantified via Qubit 3.0 fluorometer (Thermo Fisher Scientific,
Waltham, MA, United States). Amplicons were pooled in
equimolar levels and sequenced on an Illumina MiSeq sequencer
(lumina, San Diego, CA, United States) following standard
sequencing protocols.

Processing of Sequencing Data

Raw paired-end sequence data were merged using the PEAR
software package (Zhang et al., 2014). Merged sequence data were
processed through the software package QIIME (Caporaso et al.,
2010). UCLUST (Edgar, 2010) was used to identify operational
taxonomic units (OTUs) based on 97% similarity thresholds
(Robert et al., 2010). Chimeric sequences were identified and
removed using the USEARCH tool (Edgar, 2010). Taxonomic
classification was carried out on representative sequences from
each OTU using the SILVA 119 reference database (Quast et al.,
2012) using the RPD classifier (Cole et al., 2009) or UCLUST with
a90% confidence threshold level.

Rice Grain Yield

At maturity, the rice was collected from the entire plot and the
grain yields. The dry weight of the grain was calculated using an
adjusted moisture content of 14% in rice grains.

Statistical Analysis

The changes in soil biochemical characteristics and rice grain
yields as affected by fertilization treatment were examined
using the ANOVA method in Statistics 8.1 (Analytical Software
Tallahassee, FL, United States). First, the data were subjected to
standard tests to ensure they met the assumptions of normality.
Furthermore, percentages data were arcsine transformed before
analysis to normalize the variables. Tukey’s post hoc test was
performed to compare means for the variables where the
effects of treatments were significant. A Venn diagram was
used to illustrate the number of related and distinctive OTUs
in the samples and determine the similarity and coincide
in the number of OTUs between the samples. Microbial
alpha diversity indices, including Simpson’s and Shannon
indices, were calculated using MOTHUR (Schloss et al., 2009).
Species richness rarefaction curves were plotted against the
series of data using the MicrobiomeAnalyst (Dhariwal et al.,
2017). RDA was used to analyze the relationship strength
between soil traits and soil bacterial diversity using the
software package CANOCO5 (Microcomputer Power, Ithaca,
NY, United States).

RESULTS

Impact of Fertilization on Soil
Biochemical Attributes

Co-fertilization of fields with manure and chemical
nutrients  significantly increased the SOC, TN, pH,
MBC, and MBN compared to CF application: Pos-

Con and Neg-Con (Table 3). The effect was greatest
in all observed data when manure input was high; no
substantial (P < 0.05) variations among CM and PM
were observed. Across the seasons, the regimes revealed
the same trend. Compared to Pos-Con, High CM and

TABLE 2 | Content and amount of NPK provided of each plot and fertilization time.

Treatment N (kg/ha) Urea (kg/ha) CM and PM (kg/ha) Basal fertilization (kg/ha) Tillering (kg/ha) Panicle initiation
(kg/ha)
Neg-Con: N = 0% (T+) 0 0 0 P>0,: 397, KCI: 128 KCI: 128 Urea: 0
Pos-Con: 100% CF (Tz) 150 322 0 Urea: 192, P»05: 397, KCI: 128  Urea: 65, KCI: 128 Urea: 65
High CM: 60% CM + 40% CF (T3) 150 130 9,188 Urea: 0, CM: 9188, P»05: 397,  Urea: 65, KCI: 128 Urea: 65
KCI: 128
Low CM: 30% CM + 70% CF (T4) 150 225 4,572 Urea: 94, CM: 4572, P2 Oo: Urea: 65, KCI: 128 Urea: 65
397, KCI: 128
High PM: 60% PM + 40% CF (Ts) 150 128 6,623 Urea: 0, PM: 6623, P,O5: 397,  Urea: 65, KCI: 128 Urea: 65
KCl: 128
Low PM: 30% PM + 70% CF (Tg) 150 225 3,290 Urea: 94, PM: 3290, P»>05: Urea: 65, KCI: 128 Urea: 65
397, KCI: 128

CF, chemical fertilizer; CM, cattle manure; PM, poultry manure; N, nitrogen; KCI, potassium chloride.
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TABLE 3 | Changes in soil biochemical traits under the combined manure and mineral N fertilization.

pH (water) SOC (g kg™ ') TN (g kg™ 1) MBC (mg kg~ 1) MBN (mg kg~ 1)

Year Treatment

2019 Neg-Con 5.93c 14.74b 1.40c 170d 23.34d
Pos-Con 5.91c 15.08b 1.41¢c 220c 31.44c
High-CM 6.25a 19.24a 1.78a 340a 44.67a
Low-CM 6.12b 16.81b 1.67b 310b 38.43b
High-PM 6.23a 18.92a 1.77a 341a 43.89a
Low-PM 6.13b 16.88b 1.64b 315b 39.44b

2020 Neg-Con 5.95d 14.88c 1.40d 175d 24.52¢
Pos-Con 5.94d 15.52¢ 1.44c 235¢ 34.45d
High-CM 6.31a 24.74a 1.99a 370a 51.42ab
Low-CM 6.18¢c 22.25b 1.81b 355b 43.36¢C
High-PM 6.28ab 25.05a 1.98a 374a 54.58a
Low-PM 6.16¢ 21.77b 1.80b 311b 41.35¢

SOC, soil organic carbon; TN, total nitrogen; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; Neg-Con, control; Pos-Con, 100% chemical fertilizer
(CF); High-CM, 60% cattle manure (CM) + 40% (CF); Low-CM, 30% CF + 70% CF; High-PM, 60% poultry manure (PM) + 40% CF; Low-PM, 30% PM + 70% CF.

The mean comparison was made using Tukey tests for treatment mean in both years and the lettering was done based on the Tukey HSD test at 5% using a simple effect.
Values followed by the same letters within the column are statistically the same at P < 0.05.

PM treatments increased SOC 26.3 and 31.2%, TN 25.3
and 25.6%, respectively. In addition, over the years,
High-CM enhanced treatment increased soil MBN and
MBC by 55 and 61%, respectively, relative to Pos-Con.
Nevertheless, High CM was statistically (P < 0.05) comparable
to High PM. Likewise, low manured input treatments
also increased the measured soil biochemical traits as
compared to control.

In addition, significant increases were measured for SOC, TN
content, MBC, and MBN in the subsequent year; the average
enhancement in SOC, TN, MBC, and MBN during 2020 was 26.4,
9.50, 8.9, and 22%, respectively, relative to 2019.

Impact of Combined Fertilization on

Bacterial Diversity and Abundance Index

In this study, the co-applied manure and synthetic N significantly
influenced the soil bacterial community composition and
diversity (Figures 1A-H). The box plots based on the
Simpson and Shannon index exhibited significant variations in
bacterial a-diversity detected in the regimes. Co-fertilization
of manure and CF resulted in the highest bacterial diversity
and abundance relative to Pos-Con. In addition, the bacterial
diversity and abundance were significantly higher in the
High manured plots.

Impact of Combined Fertilization on Soil
Bacterial Community Diversity and

Composition

To determine rarefaction curves, richness, and diversity of
bacteria, OTUs were identified at 97% of genetic similarity.
The rarefaction curves exhibited that the sequencing
effort was enough to describe most of the diversity in
soil samples (Figure 2). The Venn diagram shows that in
2019, the number of unique OTUs in Neg-Con, Pos-Con,

High-CM, Low-CM, High-PM, and Low-PM treatments
was 309, 228, 229, 246, 241, and 275, correspondingly,
and the number of shared OTUs was 1,100 (Figure 3).
In 2020, the number of unique OTUs was 261, 339,
158, 146, 304, and 129, respectively, and the number of
mutual OTUs was 584.

The analysis for bacterial community composition under
combined manure and mineral fertilization indicated the
presence of a total of 41 phyla, and the average relative abundance
of 11 phyla exceeded 1% (Figures 4, 5). Compared to Pos-
Con, the integrated application of manure with mineral fertilizer
significantly increased the soil bacterial community composition.
The top five dominant phyla in all treatments were Chloroflexi,
Proteobacteria, Firmicutes, Acidobacteria, and Planctomycetes,
which reported more than 70% of the relative abundance of
the bacterial communities. Chloroflexi and Proteobacteria were
the most abundant among all these dominant phyla in the
High manured treatments compared to the Neg-Con and Pos-
Con. Likewise, low CM and PM treatments also increased
the abundance of Proteobacteria and Chloroflexi compared
with control. Furthermore, Actinobacteria, Acidobacteria, and
Firmicutes were the second most abundant phyla in the
experiment across all treatments.

The cluster analysis (Figure 5A) demonstrates that
bacterial communities in the six fertilization regimes are
divided into main groups. One is made up of Neg-Con, the
other is composed of High-CM, High-PM, Low-CM, Low-
PM, and Pos-Con, indicating that bacterial communities
in different fertilization regimes share a high similarity
and the cluster. Moreover, the similarity among bacterial
communities of all fertilization regimes is further proved
by the NDMS analysis as shown in Figure 5B. In the two-
dimensional NDMS plot, a small unweighted UniFrac distance
indicates a similar bacterial community. As projected, soil
samples in Neg-Con and Pos-Con are closely occurred and
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FIGURE 1 | Comparison of the soil bacterial communities based on PCR-amplified 16S rRNA gene analysis. Box plots for a-diversity estimated Shannon (A,B) and
Simpson (C,D) indices of the bacterial community under six treatments. The ends of the whiskers represent minimum and maximum, the bottom and top of the box
are the first and third quartiles, and the black dot inside the box is the median. Bars show the standard error of the mean, and bars with different letters are
significantly different at P < 0.05. Please see Table 3 for the treatment combination.

clustered and separated from other manured amendments
along NMDS axes.

Impact of Combined Fertilization on Rice
Yield

The joined manure and synthetic N fertilization considerably
affected the rice yield in both years (Figure 6). Combined
fertilization increased rice yield considerably across the years
compared with control, and over both years, the regimes
exhibited a similar trend. The Low PM treatment increased the
grain yield by 17 and 32% in 2019 and 2020, correspondingly
compared to the control. Nevertheless, there were no substantial
differences (P < 0.05) in grain yield between the Low

manured regimes. Likewise, High manured treatments also
significantly enhanced rice yield relative to the Pos-Con.
Significant enhancements in yield were noticed over the years,
and the average rice yield was improved by 15% in 2020
relative to 2019.

Relationship Between Fertilization
Treatments, Soil Traits, and
Microorganisms

Redundancy analysis was performed to determine the impact
of different fertilization treatments on bacterial community
composition and environmental factors and reveal the strength
of the relationship between soil traits and soil bacterial
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community structure (Figure 5C). The RDA shows that
the six treatments occurred in distant quadrants show that
the treatments had a significant effect on the structure of
soil microorganisms and soil properties. The RDA revealed
that manure-treated treatments significantly affected soil
bacterial community composition compared to non-manure
treatments. Proteobacteria, Acidobacteria, and Chloroflexi
were strongly associated with soil properties. The RDA
outcomes demonstrated that combined organic and inorganic
fertilizer application to the rice field has the most substantial
influence on soil microbial community composition and
environmental properties.

DISCUSSION

This study investigated the effect of continued manure
substitution on rice field soil biochemical traits and bacterial
community structure and composition. The microbial
population is the most important indicator of soil biology,
as it is responsible for improving soil fertility, health, and crop
yield (Luo et al., 2020; Liu et al., 2021).

Soil Properties
In this experiment, animal manure combined with CFs
significantly increased soil qualitative traits (SOC, TN, MBC,
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FIGURE 3 | Venn diagram showing the bacterial unique and operational units (OTUs) during 2019 (A) and 2020 (B) under organic and inorganic fertilization.
Neg-Con (R1T1, R2T1, and R3T1), Pos-Con (R1T2, R2T2, and R3T2), High-CM (R1T3, R2T3, and R3T3), Low-CM (R1T4, R2T4, and R3T4), High-PM (R1T5, R2T5,
and R3T5), and Low-PM (R1T6, R2T6, and R3T6). See Table 3 for the treatments combination.
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MBN, and pH) compared with CF-only fertilization (Table 3).
We detected that the biodegradation of animal manure gradually
released plant nutrients to the soil and exhibited that increasing
the rate of manure improves soil qualitative traits. Application
of CFs reduced soil pH level, while joint manure amendments
increased soil pH level significantly. Alike results were stated
by Bhattacharyya et al. (2015), who concluded that continuous
use of synthetic fertilizer causes soil acidification. Moreover, the
decline in pH level is because the overuse of synthetic N forms
H" through nitrification in soil (Yang et al, 2018). Another
possible reason for the lower pH resulting from the mineral N
fertilization was the acidic nature of mineral N fertilizers, which
could donate to the soil’s lower pH (Adekiya et al., 2020). Organic
fertilizer application alters soil acidification because it frequently
consists of enough basic cations and carbonate ions to neutralize
soil acidity, explaining the increase in soil pH under manure
amendment plots (Duruigbo et al., 2007).

The application of animal manure and CF meaningfully
enhanced the SOC and TN, P and K status in the paddy soil
(Table 3), which is in line with Wei et al. (2017). The main
macronutrients (N, P, and K) are important for plant growth
and production. Soil N, P, and K scarcity have a negative impact
on soil fertility and crop yield (Kaur and Reddy, 2014; Verma
et al,, 2017). The substantial improvement of soil organic C
(SOC) could be associated to the substantial effects of manure
fertilization because the soil C variation rate is affected by direct
carbon inputs from organic fertilizer and indirect carbon inputs
from increased plant biomass return (Bitew and Alemayehu,
2017; Wang et al, 2021), such as crop and root residues.

This is primarily due to the addition of manure (i.e., CM or
poultry) having a significant effect on the soil TN, TP, and
TK. This increment in nutrient content might also be related
to incorporating manure remains, which, after decomposition,
directly added nutrients to the soil (Zhang et al,, 2019; Hou
et al, 2022). Moreover, besides improving the physical and
biochemical traits of soil, animal manure fertilization, steady
releases of plant nutrients and prevent nutrient losses from the
synthetic fertilizers by binding to plant nutrients and releasing
them (Abedi et al., 2010; Ullah et al., 2020). Thus, the integrated
application of manure and CFs improves CF use efficiency and,
hence, decreases CF’s rate (Tilahun-Tadesse et al., 2013; Adekiya
etal., 2019).

In the present research, organic fertilizer in conjunction
with synthetic fertilizer, increased microbial biomass C
and N (Table 3). Rises in MBC and MBN may have
happened because manure enhanced the biogeochemical
properties of the soil in the present study, leading to
improved absorption of inorganic N by the plant (Ahmad
et al., 2008). Another reason is that organic amendments
may have boosted soil nutrient richness and crop biomass
accumulation, resulting in enhanced crop residues (Akhtar
et al, 2019). Such residues are useful for spreading soil
bacteria and may promote the alteration of N and C
(Lima et al., 2009).

In this experiment, the residual effects of manure have
increased soil biochemical traits. Soil organic C, examined as
a vital factor in evaluating soil health and quality, enhanced
26.4% in the residual effect of manure fertilization. A rise in
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FIGURE 4 | Based on the 16S rRNA gene the relative abundance of soil bacterial community composition at phylum level during year 2019 (A) and year 2020 (B) in
six treatments. Each strip represents the mean of three replicates. See Table 3 for treatments combination.
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SOC due to organic manure fertilization has a significant impact
on soil productivity because SOC is the ultimate source of soil
nutrients and soil microorganisms activity in the soil. Moreover,
SOC also has a key role in enhancing soil quality, infiltration
rate, water holding ability, porosity and aeration (Sarwar et al,,
2008; Ali et al., 2020a). Moreover, manure contains macro-and
micronutrients, such as N, K, P, Ca, and Mg (Abedi et al,
2010; Hafidi et al., 2012). In this study, a significant increase
was noted in TN and MBN in the following year; the average
enhancement in TN and MBN in 2020 was 9.5 and 22.2%
compared with 2019. The observed residual effect of organic
fertilizers or enhancement in nutrient contents of manured plots
in our study might be due to the reason that soil nutrients
contained in organic fertilizers are revered in soil for a longer
period and released steadily, ensuring a long term residual
influence, and to solubilization of plant nutrients from soil

minerals due to the influence of organic manure organic acids
(Sharma et al., 2013).

Bacterial Community Diversity and

Composition

Microbes are a key index of soil quality (van Bruggen
et al., 2015). The richness and biodiversity of the microbial
population are crucial to soil integrity, performance, and
soil sustainability; however, they are frequently reduced by
conventional agricultural techniques (Zhao et al., 2014). In the
current study, the fertilization treatments extensively affected
the bacterial community structure and composition, and the
soil bacterial communities were influenced by the application
of organic amendments (Figures 1, 4). Manure and synthetic
fertilizer co-application significantly increased the number of
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FIGURE 5 | The similarity between soil bacterial communities of different fertilizers treatments is confirmed by cluster analysis (A), NDMS analysis based on
unweighted Unifrac distance at OTU levels (B), and redundancy ordination analysis (RDA) (C) showing the strength of association between the different treatments,
environmental factors (represented by yellow arrows), and dominant bacteria at the phylum level (represented by red arrows). For fertilization treatment combination
details, see Table 3.

TABLE 4 | Pearson correlation coefficients between soil properties, soil bacterial community, and rice grain yield.

SOC TN AN MBC MBN oTU
TN 0.99"
AN 0.93* 0.92
MBC 0.99" 0.97* 0.92**
MBN 0.99 0.98™ 0.92** 0.98™
out 0.56* 0.27 0.12 0.62* 0.57*
GY 0.79* 0.71* 0.71% 0.84™* 0.79* 0.21

SOC, soil organic carbon; TN, total nitrogen; AN, available nitrogen; MBC, microbial biomass carbon; MBN, microbial biomass nitrogen; OUTSs, operational taxonomic

units; GY, grain yield. *P < 0.05, **P < 0.01.

sequences and the species richness (i.e., ACE, Shannon, and
Chao 1 index values) of the bacteria related to sole inorganic
fertilizer (Table 4 and Figure 1). According to Dong et al.
(2014), manure applications not only include a wider range of
substrates for bacterial activity than synthetic fertilizers, and
they also directly introduce microorganisms found in manure
into the soil. Furthermore, Bacteria are broadly considered as
critical mediators of the quick pathways of nutrient cycling in

soil, and their growth rate is nearly ten times higher than that
of fungi (Rousk and Béath, 2007; Schmidt et al., 2014); thereby,
bacterial communities can grow rapidly and diversify under
manure addition.

In the current study, the bacterial community structure
in synthetic fertilizers treatment and non-synthetic fertilizer
treatment was similar; however, it changed following manure
amendments treatment (Figure 4). This is probably because
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FIGURE 6 | Variation in rice yield as affected by organic and inorganic N
application. The mean comparison was made using the Tukey’s post hoc test i )
for treatments at 5%. Different letters on bars are not significantly different at FIGURE 7 | The value above the structural equation model line shows the
P < 0.05. See Table 3 for treatments combination. path coefficient. The red lines represent the positive path coefficient and the
black lines represent the non-significant path coefficient. The width of the

of short-term input of CFs did not considerably affect the
soil pH. According to Ganzert et al. (2014), pH is the
greatest important factor shaping the soil bacterial community.
Furthermore, Geisseler and Scow (2014) stated that the response
of CFs on soil microorganisms is carbon and pH-dependent.
Organic amendments could enhance soil interspace and resource
supply for bacterial growth (Li P. et al, 2020), thereby
prompting microbe societies. Moreover, cluster analysis showed
a substantial difference in bacterial community composition
between manure treated and non-manure treatment (Figure 5A).
This is primarily due to livestock manure containing more readily
available microbial organic resources that can provide additional
metabolic nutrients to soil microbes (Bei et al., 2018).

The integrated use of animal manure and CF increased the
relative abundance of Proteobacteria, Chloroflexi, Firmicutes,
Acidobacteria, and Planctomycetes, which described for more
than 70% of the relative abundance of the soil bacterial
communities (Figure 4). The relative abundance of the
community’s dominant bacteria, Proteobacteria and a type
of nutrient-rich bacteria are associated with soil properties
(Merila et al.,, 2010; Luo et al., 2020). In our research, all soil
chemical traits improved with manure fertilization (Table 3),
promoting the growth of bacteria. Thus, the relative abundance
of Acidobacteria, Chloroflexi, Proteobacteria, Firmicutes, and
Planctomycetes, the dominant bacteria in the community,
enhanced under the integration of organic and synthetic
fertilizer treatments.

Grain Yield

Application of organic and inorganic N significantly improved
rice yield related to CF-only application in the current study.
Manure application improves the physical and biogeochemical
properties of the soil, resulting in increased plant growth and
crop yield (Abedi et al., 2010; Hafidi et al, 2012). In this

arrow indicates the significance of the standard path coefficient (**P < 0.01
and *P < 0.05).

study, higher soil nutrients were observed under manured plots
(Table 3), which, in turn, improved rice growth and biomass
accumulation by providing adequate nutrients during the growth
period. Moreover, The residual effect of 1 year (two consecutive
seasons) of manure and CFs application also provided yield
benefits. Significant increases in rice grain yield were observed
between years, and the average rice yield was enhanced by 14% in
the year 2020 relative to the year 2019. Person correlation analysis
exhibited that grain yield was strongly correlated with SOC,
TN, TP, and AK of soil (Table 4). This correlation shows that
deficiency of anyone the three main nutrients (NPK) can decrease
grain yield in flooded soil. The structural equation model
result showed that differences in soil nutrients explained the
greatest proportion of the variation in rice crop yield (Figure 7).
These findings collectively show the importance of balanced and
enough fertilization of organic and chemical N fertilizers for soil
quality and sustainable grain yield of rice. According to Akhtar
et al. (2019), changes in crop yield are closely related to soil
biogeochemical characteristics and microbial biomass yield.

Relationships Between Soil Bacterial

Communities and Biochemical Traits

Manure fertilization can cause physicochemical variations in soil,
resulting in changes in the bacterial community composition
(Li et al., 2021). This study discovered that organic amendment
treatments dramatically altered soil qualitative traits (Table 3).
Moreover, Wu et al. (2020) reported that the structure
and composition of the bacterial community were positively
associated with soil C and N content. Figure 5C shows
the relationship between the soil traits and the bacterial
communities for the different fertilizer regimes. In this study,
RDA showed that the organic amendments had significant effects
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on bacterial community and soil qualitative traits. The dominant
bacteria at the phyla, notably Proteobacteria, Chloroflexi, and
Acidobacteria, had a positive correlation with soil characteristics,
but Proteobacteria had a strong correlation with SOC, TN, and
pH. Bacterial growth is highly related to the type of fertilizer
used, and controlling the type and ratio of animal fertilizer is
an effective strategy for increasing bacterial growth. According
to what has been discussed thus far, applying organic fertilizer
combined with reduced inorganic fertilizers could provide a
faster growth environment for soil microbes, improving the
bacterial population structure and soil fertility.

CONCLUSION

Poor soil quality and fertility due to excessive use of CFs is
a major threat to agricultural sustainability and food security.
Organic fertilizer application as a substitute for CF is an
adequate fertilization approach for preserving soil health and
biodiversity. In the current study, CF combined with cattle or
PM improved soil fertility, bacterial community diversity and
composition, and rice grain yield compared to the sole use of
CF. A comparison of the structure of the bacterial community
and its relationship to soil properties in manured regimes,
we noted that manure application enhanced soil nutrients
and decreased soil acidification, which contributed directly
to higher rice yield. Furthermore, the substitution of animal
manure regulated the relationship between soil bacteria and soil
biochemical traits, influencing the soil microbial population. Our
findings demonstrated that soil biochemical indicators play an
important role in forming the structure and stability of soil
bacterial communities. Our results indicated that combining
manure and CFs applications based on nutrient levels and
proper fertilizers composition is the most effective approach
for improving bacterial community structure and soil fertility,
ensuring yield sustainability.
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