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Abstract

Phosphate fertilizer affects the rice yield and has a critical role in arable land management. Biochar regulates soil nutrient and soil microbe taxa composition. Our
study aimed to elucidate the effects of co-application for biochar-phosphate on soil nutrient indicators, soil microorganisms, and crop production. Our experiment was
set up as follows: 0 t/hm? 28 t/hm?, and 55 t/hm? biochar application rates with 20 kg/hm?, 40 kg/hm?, and 60 kg/hm? phosphate fertilizer. The rice yield and soil nutrient
indexes were observed and the differences between groups were analyzed based on multiple comparisons. 16S ribosomal DNA sequencing was used to analyze the soil
bacteria structure. Redundancy analysis was performed to obtain the correlation relationships between microbial community marker species, soil nutrient indexes, and
rice yield. The results showed that a higher application rate of biochar led to a significant alteration in the soil water content, bulk density, alkali-hydrolyzed nitrogen, and
available phosphate content. In addition, high concentrations of biochar-phosphate fertilizer application elevated the soil bacterial diversity. Biochar had various effects
on the relative abundance of soil bacteria taxa. Our study provided a theoretical basis for exploring efficient fertilization strategies in the rice cultivation industry and shed

light on the extensive biochar application in agriculture production.

Introduction

Soil ecosystems include microbes, mineral matter, organic
matter, water, and air in soil. Soil microorganisms, which
contain bacteria, fungi, actinomycetes, and protozoa, play
roles in maintaining the normal circulation of materials
and energy conversion in the ecosystem. Among them, soil
bacteria dominated due to their enormous diversity [1]. It was
estimated that there were 2,000 and 8.3 million bacteriain1 g
of soil, and only 1% of the microbiome can be observed under
a microscope [2]. Microorganisms taxa were related to the
soil physiological processes and played important roles in the
accumulation, fixation, and movement of soil nutrients and the
biotransformation of organic pollutants [3]. Additionally, soil
microbes directly (indirectly) participated in the biochemical

mechanisms of soil nutrient conversion, biological control,
carbon pool stabilization, and aggregate formation [4]. Because
soil microorganisms are sensitive to environmental changes, it
could be used as one critical index to evaluate soil quality and
fertility [5].

Biochar has been widely applied as a soil amendment in
agriculture recently. It is one highly aromatic solid substance
formed by pyrolysis of biomass at high temperature (700
°C) under the condition of hypoxia [6]. Biochar has the
characteristics of a large specific surface area, good porosity
structure, high carbon content, and strong adsorption
capacity, so it can be used to improve soil structure and
increase soil nutrient content [7]. Biochar provides a large
amount of nutrients and a suitable living environment for
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soil microorganisms, which could affect the soil’s bacterial
diversity and improve the microbial community structure. The
micro-pore structure of biochar could avoid the struggle within
microbial species, thus playing a protective role for beneficial
microorganisms in the soil [8]. Biochar contains carbon and
nitrogen sources that are easily decomposed and beneficial to
the survival of microorganisms, which is also the reason for
the high activity and quantity of microorganisms in the early
stage of biochar application in soil [9]. Some studies have
shown that the application of biochar in soil could improve
the biomass and activity of microorganisms, and the microbial
community structure would not be changed due to the long-
term application of biochar [10]. Existing studies have shown
that biochar promotes the electron transfer between bacteria
and heavy metals, which promotes the transformation of
heavy metals and reduces the toxicity of heavy metals to soil
microorganisms [11]. Phosphorus fertilizer has critical roles
in the soil micro-ecosystem homeostasis and affects the crop
yield directly. Soil microbes taxa would be regulated by the
application mode of phosphorus fertilizer. Reduced application
of phosphorus fertilizer in paddy soil significantly altered
the soil microbial community structure [12]. The application
of reduced phosphate fertilizer did not change the activity of
soil phosphatase but significantly affected the structure and
relative abundance of the soil microbial community. Long-
term phosphate deficiency induced the increased trend of
microbial population to activate soil nutrients, and sufficient
phosphate fertilizer could maintain the dynamic balance of
microbial community structure. Biochar that was combined
with phosphorus fertilizer could improve the soil nutrients and
increase the relative abundance of soil microbial species, but
the improvement effect of oxidized biochar on soil nutrient
components and microorganisms would be significantly
reduced. The interaction between biochar and phosphate
fertilizer affected the diversity and abundance of the soil
microbial community by influencing soil pH [13].

At present, most studies on the effects of biochar and
phosphate fertilizer on soil bacteria composition only focused
on a single factor, but there were a few studies on the effects
of the combined application of biochar and phosphate fertilizer
on soil bacteria taxa composition. Therefore, this study took the
black soil from Northeast China as the test sample and adopted
a pot experiment to study the best strategy of combination
application for biochar and phosphate fertilizer on soil bacteria
under controlled irrigation conditions, aiming to provide the
scientific basis and technical support for improving soil quality
and microbial environment in the black soil region of Northeast
China.

Materials and methods
Experimental site information

The present test was conducted from June to August
2021 at the Comprehensive Test Site of the College of Water
Conservancy and Civil Engineering, Northeast Agricultural
University (126°45 ‘32 “E, 45°44’ 41” N). The test area belonged
to the temperate continental monsoon climate with an altitude
of 145-175 m. The annual average temperature is about 3.6 °C,
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the highest monthly average temperature in summer is about
28 °C, the lowest monthly average temperature in winter is
about -24 °C, the annual sunshine time is 2460-2786 h, and
the solar rate is 61%. The annual average relative humidity
is greater than 68%, the annual average evaporation is about
1500 mm, and the annual frost-free period is about 145 d.

Experimental materials

The soil tested was black loam, and its basic physical and
chemical properties are presented in Table 1. The biochar used
for the test was purchased from Liaoning Jinhefu Development
Co., LTD. The raw material was corn straw and fired under
anaerobic conditions at 450 °C. Its physical and chemical
properties are presented in Table 2. The chemical fertilizers
used were urea (N mass fraction of 46%), diammonium
phosphate (N mass fraction of 15%, P,0, mass fraction of
£42%), and potassium chloride (K,0 mass fraction of 60%). The
rice plant used for the present investigation was selected as the
Longging No.5.

Experimental design

The tests were carried out in a mobile awning at the test
site. The test basin was 34 cm in diameter and 43 cm in depth,
and the bottom of the basin was sealed. The soil was naturally
air-dried and broken and then sifted. Each basin was filled
with 10 kg of dry soil. After evenly mixing the biochar and
soil, the basin was deposited for one week. The experiment

Table 1: Physical and chemical properties of black soil.

bulk density 1.01g /cm?®
porosity 61.8%
saturated water content 50%

total potassium mass ratio 20.11 g/kg

alkali-hydrolyzed nitrogen mass ratio 198.29 mg/kg
pH 6.35

organic matter mass ratio 41.8 g/kg
available phosphorus mass ratio 36.22 mg/kg
available potassium mass ratio 112.06 mg/kg

total nitrogen mass ratio 15.06 g/kg

total phosphorus mass ratio 15.23 g/kg

Table 2: Physical and chemical properties of biochar.

bulk density 0.4 g/cm?®

specific surface area 84.3 m?/g

electrical conductivity 1.2ds/m

pH 8.75

total nitrogen mass ratio 1.82 g/kg
available phosphorus mass ratio 29.87 mg/kg
available potassium mass ratio 38.47 mg/kg

organic matter mass ratio 32.91 g/kg
mass ratio of available nitrogen 71.23 mg/kg
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was set up with two factors, biochar and phosphate fertilizer,
among which three levels of biochar dosage were designed,
respectively 0 t/hm?, 28 t/hm?, and 55 t/hm>. Three levels of
phosphorus fertilizer (ons) were also designed (20 kg/hm?,
40 kg/hm?, and 60 kg/hm? respectively). Nine combined
treatment groups and one control group (CK, no biochar, and
phosphate fertilizer were added) were set, and each group
was repeated three times (n = 3). The amount of biochar and
chemical fertilizer for each treatment is shown in Table 3.
Phosphorus fertilizer was applied as base fertilizer, nitrogen
fertilizer was applied four times according to base fertilizer:
tillering fertilizer: promoting flower fertilizer: keeping flower
fertilizer = 4.5:2:1.5:2, and potassium fertilizer was applied
two times according to base fertilizer: ear fertilizer = 1:1. The
rice planting method was dry seeding, with 6 holes per pot,
and the irrigation method was controlled irrigation. The water
management at different growth stages is shown in Table 4.
When the soil water content reached the lower limit of the
water control standard, the irrigation would reach the upper
limit of the water control strategy.

Physical and chemical properties of soil samples

The ring knife method was used to measure the soil bulk
density. Soil porosity = (1-bulk density/density)x100%, soil
density value was 2.65g /cm3; The moisture content of the
soil was measured by drying method. The content of soil
total nitrogen was determined by the elemental analyzer.
The content of total phosphorus in soil was determined by
the molybdenum-antimony resistance colorimetric method.
The content of total potassium in soil was determined by
inductively coupled plasma mass spectrometry. The content
of available phosphorus was determined by NaHCO, extraction
spectrophotometer. The content of soil organic matter was
determined by the potassium dichromate volumetric method
and external heating method. The pH content of the soil was
measured by pH meter (soil to water ratio=2.5:1). The content
of soil alkali-hydrolyzed nitrogen was determined by diffusion

Table 3: Biochar-phosphate fertilizer co-application strategy.

Biochar (t/hm?) | N content (kg/hm?) | PO, (kg/hm?) | K,0 (kg/hm?)
0 20 80

B1P1 110
B1P2 0 110 40 80
B1P3 0 110 60 80
B2P1 28 110 20 80
B2P2 28 110 40 80
B2P3 28 110 60 80
B3P1 55 110 20 80
B3P2 55 110 40 80
B3P3 55 110 60 80
CK 0 110 0 80

Table 4: Water management strategy in different growth stages of rice.
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method. The content of available potassium in the soil was
determined by the cold HNO, nitric acid leaching and flame
photometer.

High-throughput sequencing analysis for soil microbe

Each soil sample (n = 3 per group) was thoroughly
mixed, and the total DNA of the microbiome was extracted
by the hexadecyl trimethyl ammonium Bromide (CTAB)
method. The quality of DNA products was detected by 1%
agarose gel electrophoresis, and the DNA concentration was
quantitatively detected by an ultraviolet spectrophotometer.
PCR amplification of V3-V4 variable regions of microbial
genome was performed using commercial-specific
primers 341F (5° -CCTACGGGNGGCWGCAG-3’) and 805R
(5’-GACTACHVGGGTATCTAATCC-3’). A total of 25 puL PCR
system included 12.5 pL 2* Master Mix, 2.5 pL forward primer,
2.5 nuL reverse primer, 50 ng template DNA, and double distilled
water. PCR amplification project was performed as follows: 98
°C for 35 s; [98 °C for 10 s, 55 °C for 35 s and 72 °C for 45 s],
last for 35 cycles; 72 °C for 15 min and then cooled to 4 °C.
PCR products were purified by AMPure XT beads (Beckman
Coulter Genomics, Danvers, MA, USA) and quantified by
Qubit (Invitrogen, USA). PCR amplification products were
detected by 2% agarose gel electrophoresis using an AMPure
XT beads recovery kit. Purified PCR products were evaluated
using the Agilent 2100 Bioanalyzer (Agilent, USA) and Illumina
library quantification kit with qualified library concentrations
above 2nM. The qualified sequencing libraries were diluted
by gradient, mixed in proportion according to the required
sequencing pool size, and denatured into single strands
by NaOH for on-machine sequencing. The NovaSeq 6000
sequencer was used for 2x250bp paired-ends sequencing. The
raw data obtained by sequencing were separated according
to barcode information, and the joint and barcode sequences
were removed. DADA2 was performed for length filtering and
denoising. Based on the Amplicon Sequence Variant (ASV)
feature sequence files, the SILVA (Release 138) database was
used for the species annotation (confidence threshold=0.7).

Data processing and statistical analysis

SPSS 25.0 software was used for variance analysis and
multiple comparisons (least significant difference method).
OriginPro 2021 software was used for the visualization
process of data, and the significance level was selected
as 0.05. Principal Coordinate Analysis (PCoA) was done
using R 4.2.2 based on Bray-Curtis distance to determine
differences in bacterial communities in different groups, and
a “vegan” package in R and similarity analysis were used to
determine whether grouping tests had statistical sense. Linear
Discriminant (LDA) effect size (LEfSe) analysis was performed
on bacteria, and the species with LDA scores>3.0 and p < 0.05
were retained. The “psych” package in R 4.2.2 was used to

Lower irrigation limit 90% 85% 60%

Upper irrigation limit 50mm 50mm 100%

85% 10mm 70% 60%
35mm 40mm 100% 20mm
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conduct symbiotic network analysis of gation-level bacteria
based on the Spearman correlation coefficient, and only species
with strong correlation (|r|>0.8) and statistically significant
correlation (p < 0.01) were retained. Visualization of symbiotic
network analysis is performed using Gephi 0.9.2 for plotting
and calculation of topological parameters. AMOS software in
SPSS was used to fit the structural equation model. Statistical
results were visualized using Origin 2019b and MS Office 2021
software.

For the statistical analysis of the microbiome sequencing
data, the calculation formula and program scripts were referred
to the standard bioinformatics analysis methods (run in the R
package 4.0.4 environment) and were supported by the Omics
Cloud platform (LIANCHUAN, China).

Results and discussion

Effects of combined application of biochar and phos-
phate fertilizer on soil physicochemical properties

As shown in Table 5, alow amount of biochar combined with
phosphorus fertilizer could significantly increase soil water
content (p < 0.05) and low-carbon combined with phosphorus
fertilizer increased by 26.03% on average compared with CK
group, and B2P3 treatment significantly increased by 32.73%
compared with CK group (p < 0.05). Compared with the CK
group, the soil bulk density of low biochar combined with
phosphate fertilizer decreased by 10.79% on average. Under
the condition of no biochar application, phosphate fertilizer
decreased the soil pH value, and the application of biochar
increased the soil pH value. The pH value under high carbon
levels increased by 2.90% on average compared with the CK
group. The organic matter content of low biochar combined with
phosphate fertilizer increased by 14.29% on average compared
with the CK group, and the organic matter content of the B2P2
treatment was significantly increased by 21.50% compared
with the CK group (p < 0.05). The soil alkali-hydrolyzed

Table 5: Soil physical and chemical properties in different treatment groups.

Water Volumetric

content (%)

Porosity

(%)

Soil organic

Treatment matter (g/kg)

weight (g/
cm3)

Total nitrogen
(9/kg)
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nitrogen content in the B2P1 treatment was the highest, which
was 3.37% higher than that in the CK group. Biochar combined
with phosphate fertilizer significantly increased soil available
phosphate content (p < 0.05). At high biochar levels, soil
available phosphate content increased significantly with the
increase of phosphate fertilizer (p < 0.05), and B3P3 treatment
was significantly increased by 50.60% compared with the CK
group (p < 0.05).

Data statistics and quality control for 16S rDNA se-
quencing

After quality control for raw tags (removing the barcode,
primer sequence, part of the low-quality sequence, and chimera
sequence), the final effective sequences (clean tags) were
obtained for the subsequent data analysis. The statistical results
of sequencing data are shown in Table 6. A total of 2503355
raw tags were obtained in the present sequencing project, of
which 2171605 were valid, with an overall efficiency of 86.75%.
In order to evaluate whether the amount of data sequenced was
sufficient, a dilution curve based on the observed operational
taxonomic units (OTUs) number was drawn, which could
directly reflect whether the amount of sequencing data could
cover all species in each sample (Figure 1). It could be ensured
from the dilution curve that with the increase of sequence
reads, the dilution curve tends to flatten out, indicating that the
amount of sequencing data is reasonable and nearly all species
in each sample have been identified. As shown in Figure 2, the
total number of OTUs in all samples is 156. The average number
of OTUs specific to BiP1, B1P2, B1P3, B2P2, B2P3, B3P1, B3P2,
B3P3, and CK treatment were 2380, 2280, 2020, 2395, 1736,
2041, 2925, 2901, 2059 and 2239, respectively.

Effects of combined application of biochar and phos-
phate fertilizer on the diversity of soil bacteria

Table 7 shows the o diversity indexes in the soil bacteria
community. Simpson index and Shannon index were used to

Rapidly
available
potassium (mg/
kg)

Available
phosphorus
(mg/kg)

Total
potassium
(9/kg)

Total
phosphorus
(9/kg)

Alkali-hydrolyzed
nitrogen (mg/kg)

B1P1 ' 35.39+1.64cd 48.39+2.34bc 1.37%0.11a 7.46%0.03g 199.47+3.87abc = 7.43#0.15e = 1.64+0.02c  14.67+0.55bc  406.68+17.65e = 44.95+¥3.10c = 137.82+1.26d
B1P2 44.12+0.97a 53.89+1.53a 1.224#0.02c = 7.60+0.09f = 206.74+2.34ab = 8.03+0.17cd = 1.66+0.05c  13.63%0.48cd 447.50+14.97ab = 41.50£0.03d = 117.16%3.04e
B1P3 36.49+2.00cd 49.15+0.69bc 1.35+0.07ab 7.41+0.02g  211.37%1.82a 8.65+0.27a = 1.72+0.06c 15.80£0.99ab  445.36+3.82ab = 36.26+1.40e = 179.2143.26C
B2P1 44.114#2.95a 53.89+1.53a 1.22#0.02c 7.77+0.07c = 193.28+9.66abc 8.45+0.36ab 1.76%0.12c 15.69x0.09ab  452.19+5.62a 41.73+0.55d = 188.630.65c
B2P2  39.10+1.60bc 51.31+1.45ab 1.29+0.03bc 7.71+0.03d = 213.4416.16a 7.90+0.56d = 1.97:0.04b 15.32:0.37ab  414.74+7.35de = 41.19+#1.40d 188.86%3.11c
B2P3 45.01+#1.41a 53.84+2.35a 1.22+#0.01c 7.73#0.01cd 195.60+7.33abc 8.23+0.05bcd 1.74+0.11c = 16.09+0.84a 431.27+16.48bcd  43.09+1.94cd 186.01+2.20c
B3P1  42.14+2.02ab 52.95#2.11a 1.25%0.02c 7.67+0.02de 198.174£26.91abc 8.224+0.10bcd 2.09+0.05ab 14.73+0.36bc 422.22+5.29cde = 44.39%1.65c = 271.5416.46a
B3P2  36.54+3.01cd 49.19+2.52bc 1.35+0.01ab 7.89+0.01b = 186.88+18.12bc 8.35+0.03abc 2.12+0.13a 15.43+1.09ab  416.67+1.31de = 49.54+1.08b  220.40+15.44b
B3P3  34.97+2.87cd 48.09+2.61bc 1.38+0.01a 8.05+0.03a 179.9841.86¢ 7.19+0.14e | 1.76%0.05c = 12.61+0.86d = 418.13+8.45de = 61.31+1.16a 188.42+4.16¢C
CK 33.91+2.85d 47.33%1.70c = 1.40%0.07a 7.65+0.03ef 175.67412.50d = 7.35%0.11e  1.34#0.03d = 13.47+0.23d  437.47+11.48abc 36.77+0.27e = 103.82+4.78f
F

B 13.04** 5.71* 9.27%* 56.00** 5.20*% 2.56 35.94** 10.05%* 5.21* 126.33** 408.88**

P 1.46 1.21 1.95 24.68** 0.81 0.22 11.30% 0.29 0.66 10.81** 35.19%*
BxP 14.28* 6.01** 9.69** 49.22%* 2.18 19.94** 8.68** 10.55%* 11.56** 50.97** 94.00%*
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Table 6: OTUs numbers in each sample.
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a2 cccy ot ety

B1P1 8482600 7405733
B1P2 8090233 68783.0
B1P3 8609867 7474467
B2P1 8545400 7017833
B2P2 8088100 6507033
B2P3 8411600 7371500
B3P1 83850.67 7386533
B3P2 8415333 7611167
B3P3 7979200 7422567

CK 8437767 7311700

97.38 55.66 87.47
96.72 55.85 85.23
96.72 55.96 86.79
96.46 56.20 82.02
96.06 56.30 80.59
97.11 56.98 87.65
98.03 56.20 88.05
97.90 56.28 90.49
97.37 56.04 93.10
96.83 56.02 86.61

Notesll Raw tags indicate the sequence of raw tags. Clean Tags indicate the sequence of valid tags obtained after data filtering. Q20 (%) represents the percentage of bases
with base mass values greater than 20 in the clean tags. GC (%) indicates the content of GC bases in clean tags. The valid rate indicates the validity of sequencing data.

3000

B1P1
B1P2
B1P3

2500

2000

1500

1000

Number of observed species

500

0 5000 10000 15000 20000 25000 30000
Number of sequences

Figure 1: Rarefaction curve of OTUs in each sample. X-coordinate represented the

sequencing depth while Y-coordinate represented the observed OTUs.

evaluate the bacterial community diversity among different
groups, while Chao1l index and ACE indexes were used to
reflect the bacterial community richness. The Shannon indexes
in B1P3, B2P2, B2P3, and B3P3 treatments were lower than
those of the CK group. At the low and high carbon levels,
the Shannon-Simpson indexes gradually decreased with the
increased concentration of phosphorus fertilizer, but there was
no significant difference between each treatment (p > 0.05).
Compared with the CK group, Chao1 and ACE indexes in the
B2P2 group were significantly lower (p < 0.05), while those in
B3P1 and B3P2 treatment were significantly higher (p < 0.05).

Figure 3 shows the Principal Coordinate Analysis (PCoA)
for the soil microbe structure between four groups. The results
showed that the PCoA1 axis and PCoA2 axis accounted for
37.02% and 16.14% of the total variation, respectively, and
the cumulative contribution rate was 53.16%. There were
significant differences in bacterial community structure
between the CK group and biochar-phosphate fertilizer co-
interaction groups, indicating that biochar-phosphate fertilizer
co-application mode could significantly change soil bacterial
community structure (R=0.8415, p < 0.05). The usage of single
phosphate fertilizer was located on the left side of the axis.

A low concentration of biochar combined with low/medium
phosphate fertilizer was distributed on the left side, and the
distance between them was relatively far. The treatment
strategy of high carbon combined with medium/high phosphate
fertilizer is distributed on the right side of the axis. The results
showed that the bacterial community structure of soil was
similar under the single application of phosphorus fertilizer, but
the difference in bacterial community structure was changed
after the combination of biochar and phosphorus fertilizer. As
an important part of the soil system, soil microorganisms play
an important role in the paddy field ecosystem by regulating
the decomposition of soil organic matter and plant litter and
the availability of plant nutrients. In this study, the application
of appropriate phosphate fertilizer could improve the diversity
of soil bacteria, while the application of excessive phosphate
fertilizer can reduce the diversity and richness of soil bacteria.
The reason was that the application of phosphorus fertilizer
would increase the soil’s phosphorus content. On the one
hand, it could directly provide phosphorus nutrients for soil
microorganisms; on the other hand, it could promote plant
growth and increase the secretion of nutrients in roots, thus
improving the diversity of soil microorganisms by regulating
their growth. The application of excessive phosphorus fertilizer
decreased the soil N/P ratio, which led to the decreased trend
of microbial biomass, and therefore decreased the o diversity
of bacterial community. At present, it is generally believed
that biochar could increase the diversity of the soil microbial
community [14], thereby enhancing the stability and stress
resistance of farmland ecosystems. In this study, compared
to applying phosphorus fertilizer alone, adding biochar
overall improved the diversity and richness of soil bacterial
communities. According to a previous study, the interaction
between biochar and fertilizer could significantly improve
the diversity and richness of soil microbial communities
[15]). Firstly, due to the high porosity of biochar, it provides
a good habitat for soil microorganisms, which can protect
bacterial communities from external environmental factors
and increase the ecological niche of soil microorganisms. In
addition, bacteria can also reproduce in the pores of biochar,
ensuring the diversity and richness of microorganisms [16].
Secondly, in the manufacturing process of biochar, biomass
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Figure 2: Venn diagram for observed OTUs. Crossing point represented the shared OTUs a

ifferent treatment groups.

Table 7: a diversity indexes in the soil bacteria.

Treatment Shannon

Simpson

B1P1 10.2420.20a 0.9978+0.0008a 2539.45+56.07b 2541.88+54.12b

B1P2 10.3040.10a 0.9985+0.0001a 2440.95+80.13bc 2450.57+75.06bc

B1P3 9.98+0.57a 0.9961+0.0042a 2183.64+213.32c 2183.97+210.30c

B2P1 10.35+0.08a 0.9986+0.0001a 2566.76+169.23b 2575.35+162.53b

B2P2 9.89+0.28a 0.9979+0.0007a 1890.69+272.14d 1893.14+272.27d

B2P3 9.80+0.52a 0.9946+0.0042a 2197.81+227.52¢ 2204.86+230.53¢c

B3P1 10.46+0.16a 0.9985+0.0002a 3119.19£115.30a 3140.85£115.38a

B3P2 10.38+0.07a 0.9983+0.0002a 3085.86+100.14a 3104.04£104.05a

B3P3 9.99+0.16a 0.9977+0.0004a 2221.76+127.92¢ 2224.40+122.41c

CK 10.17+0.04a 0.9980+0.0002a 2400.70+80.69bc 2405.09+80.24bc

Two-way ANOVA

Biochar 2.01ns 0.75ns 30.05** 31.45%*
phosphate fertilizer 5.27* 3.28ns 23.76** 24.79**
Biocharxphosphate fertilizer 0.75ns 0.66ns 10.18** 10.71**

raw materials can be transformed into various nutrients
after pyrolysis, which can be used for microbial nutritional
metabolism [17]. Thirdly, biochar has a large specific surface
area and therefore has a strong adsorption effect, which can
enhance the absorption of nutrients in the soil and provide
more nutrients for microorganisms. From the results of PCoA,
it can be seen that the distance between applying phosphorus
fertilizer alone or carbon phosphorus combination treatment

and CK treatment is relatively far. Therefore, it can be
concluded that adding biochar or phosphorus fertilizer can
change the composition of bacterial communities. Previous
studies have shown that biochar or phosphorus fertilizer can
cause changes in bacterial community composition. The single
application of phosphorus fertilizer is concentrated on one
side, while the carbon phosphorus combination treatment is
distributed on all sides. Perhaps this is because the application
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Figure 3: PCoA analysis for the soil microbe flora between different groups based on the unweighted_Unifrac distance.

of biochar combined with phosphorus fertilizer changes the
secretion of crop roots, leading to changes in the structure of
bacterial communities [18]. In addition, this study found that
the single application of phosphorus fertilizer and the low
carbon combined application of low phosphorus treatment
were relatively similar, which may be due to the fact that low
amounts of biochar only promoted an increase in the relative
abundance of individual bacterial groups, and therefore did not
cause significant changes.

Effects of combined application of biochar and phos-
phate fertilizer on soil bacterial community composi-
tion

Figure 4 included the proportion of the top 10 bacterial
phyla in soil bacteria taxa, and the relative abundance of
the top 10 bacterial communities accounted for more than
94% of total soil bacteria in each group. At the phylum
level, Proteobacteria, Acidobacteria, Gemmatimonadetes,
Actinobacteria, Bacteroidetes, and Chloroflexi were dominant
in the bacterial microbial community, and these 6 dominant
phyla in each group covered 84.93%-88.77% of the
overall microflora composition. The relative abundance of
Bacteroidetes increased by 0.78% compared with the CK group.
The relative abundance of Gemmatimonadetes was decreased
by 1.15% on average compared with the CK group. On the whole,
the abundance of Proteobacteria was increased by 2.68%
compared with the CK group. High levels of biochar combined
with phosphate fertilizer increased the relative abundance
of Gemmatimonadetes and Actinobacteria and decreased the
relative abundance of Acidobacteria. Compared with the CK
group, the relative abundance of Gemmatimonadetes and
Actinobacteria increased by 1.05% and 1.17%, respectively. The
dominant bacterial phyla in each treatment group in this study

are Proteobacteria, Acidobacteria, Actinobacteria, Bacteroidetes,
Chloroflexi, and Gemmatimonadetes, which are consistent
with the research results of Yao, et al. [19]. The application of
phosphorus fertilizer alone increased the relative abundance of
Actinobacteria and Bacteroidetes. Studies have shown that these
two bacteria have the function of dissolving soil phosphorus
and can convert difficult-to-use inorganic phosphorus and
macromolecular organic phosphorus in the soil into phosphorus
forms that can be absorbed and utilized by crops. Their relative
abundance will increase with the application of phosphorus
fertilizer [20]. Proteobacteria is the largest phylum of bacteria,
with extremely strong survival ability and low requirements
for survival conditions [21]. Yang, et al. [22] found that the
combination of biochar and fertilizer can increase the relative
abundance of Proteobacteria. In this study, the combination of
low amounts of biochar and phosphorus fertilizer can increase
the abundance of Proteobacteria. The application of high-
carbon phosphorus fertilizer overall increased the relative
abundance of Bacteroidetes, Actinobacteria, and Bacteroidetes,
while reducing the relative abundance of Proteobacteria,
Acidobacteria, and Chlorobacterium. After adding biochar,
the soil is rich in nutrients, such as Proteobacteria and
Actinobacteria, which can rapidly grow using effective carbon
sources [23]. High amounts of biochar reduced the relative
abundance of Proteobacteria, which may be due to the increase
of harmful substances such as polycyclic aromatic hydrocarbons
in soil caused by high amounts of biochar treatmen [24].
Acidobacteria and Chlorobacterium are considered to be
oligotrophic bacteria with slow growth rates, appearing to be
more likely to survive under nutrient-limited conditions [25].
The addition of biochar improved the nutrient status of the soil,
although it did not reach an eutrophic state. Compared to the
absence of biochar treatment, the soil environment changed
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Figure 4: Species composition from the phylum level. (a) Stack diagram for microbe taxa composition. (b) Heatmap for soil microbe flora. Colorbar from red to blue

represented the relative abundance of each soil microbe was down-regulated. The Kruskal-Wallis test was selected to compare the differences between different groups
(n=3).

and the growth of these bacteria was inhibited, Acidobacteria
belongs to the acidophilic bacteria, and biochar improves soil
acidity and alkalinity, thereby inhibiting the proliferation
of Acidobacteria. The application of biochar combined with
phosphorus fertilizer changed the nutrient requirements and
habitat environment of these bacteria, thereby affecting their
relative abundance.

Effects of combined application of biochar and phos-
phate fertilizer on the interaction network of soil bacte-
ria

In order to explore the potential co-occurrence modes of
soil bacteria under different biochar-phosphorus application
conditions, the same threshold value (|r|>0.6, p < 0.01) was used
in this study to construct a molecular ecological network for
bacteria taxa structure (Figure 5). The topological characteristics
of the bacterial interaction network are shown in Table 8. Nodes
and edges could indicate the complexity of the network. The
larger nodes displayed that more complex relationships existed
among different phyla. The edges represented the relationship
between doors, the red represented the positive correlation,
and the green represented the negative correlation. No matter
how the amounts of biochar and phosphate fertilizer were
changed, the positive correlation ratio among the nodes of each
treatment network was higher than the negative correlation
ratio. The positive correlation between the co-occurrence
network nodes of BiP3 and B2P2 treatment was greater than
that of the CK group, while the negative correlation was lower
than that of the CK group. Modularity and clustering coefficient
reflected the degree of clustering between network nodes. The
B1P1 application mode had the lowest degree of modularity
at 0.864, while the other treatment strategy had modularity
ranging from 0.933 to 0.972. The average clustering coefficient
of different fertilization treatments was higher than that of the
CK group, that is, a single application of phosphorus fertilizer or
combined application of carbon and phosphorus could enhance
the clustering degree of network nodes, and the average

clustering coefficient of B2P2 treatment was the highest, with
an increased trend of about 17.66% compared with CK group.
Co-occurrence networks can indicate the interrelationships
between species within soil microbial communities, providing
new insights into the patterns of microbial abundance
changes. The topological characteristics of the network can
reflect the connectivity and interaction level between soil
microorganisms. This study found that under low levels of
biochar application, the number of nodes and connections in
the network was lower than that of the CK treatment, while
under high levels of biochar, the overall number of nodes was
higher than that of the CK treatment. Among them, the number
of nodes and connections in the B3P2 treatment was higher
than that of the CK treatment, indicating that the combination
of high levels of biochar and appropriate phosphorus fertilizer
made the relationships between microbial species more
complex, while low levels of biochar reduced the complexity
of species relationships. The greater the negative correlation
in the microbial interrelationship network, the stronger the
antagonistic effect between species in the microbial community
[26]. The application of biochar increased the negative
correlation ratio in the microbial symbiotic network, which may
be attributed to the increased inter-species antagonism level in
soil bacterial communities and the intensity of selection stress
within microbial communities treated with biochar combined
with phosphorus fertilizer. Ratzke, et al. [27] pointed out
that microorganisms often coexist in large quantities in low-
nutrient environments, while sustained high nutrient supply
leads to increased negative interactions between species. The
application of biochar reduces the positive correlation ratio
in the mutual network and increases the negative correlation
ratio, which may be due to the increase in nutrient levels in
the soil. Previous studies have shown that biochar can enhance
the complexity of soil microbial communities, manifested by
an increase in the number of nodes, connections, modularity,
and average clustering coefficients in the interrelationship
network [28]. Modularity is an inherent feature in microbial
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Figure 5: Co-occurrence networks under different treatment modes.

Table 8: Topological index of the co-occurrence network.

Treatment | Number of nodes | Edge number Positive :;I)a tionship rela't:i(:\::i(:) %) Average | modularization
B1P1 243 499 94.39 5.61 411 0.864 0.737 3.63
B1P2 288 464 88.79 11.21 3.22 0.937 0.776 3.90
B1P3 212 263 98.86 1.14 2.48 0.956 0.760 1.89
B2P1 242 320 96.25 3.75 2.65 0.942 0.770 1.76
B2P2 231 248 96.37 3.63 2.15 0.972 0.793 1.42
B2P3 244 406 87.93 12.07 3.33 0.933 0.748 6.03
B3P1 308 360 90.83 9.17 2.34 0.965 0.706 3.13
B3P2 317 536 78.92 21.08 3.38 0.946 0.767 1.77
B3P3 283 345 94.20 5.80 2.44 0.959 0.698 2.36

CK 285 407 96.31 3.69 2.86 0.949 0.674 2.89

network relationships, which can reflect the interactions
between microbial species, such as habitat heterogeneity,
phylogenetic correlation, resource allocation, or niche

with many network nodes and interactions, and high network
scores. The classification of microbial network modules does
not necessarily follow taxonomy, that is, the interactions

overlap. Therefore, it plays an important role in the recovery
ability and stability of microbial systems [29]. The modular
structure of the interaction network of biochar combined
with phosphorus fertilizer in this study is more complex,

between microorganisms do not depend on their classification.
Burke, et al. [30] found that there were significant differences
in microbial composition among different samples, but their
functional similarity could reach 70%, indicating that microbial
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assembly is determined by functional genes rather than species
classification; the viewpoint was also proposed that species
with similar nutrients and other ecological characteristics can
occupy the same ecological niche. In this study, the addition
of biochar redistributed ecological resources, which may be a
possible reason for the modular changes in microbial networks.

Soil microbe biomarker screening

Linear discriminant analysis Effect Size (LEfSe) analysis
(LDA>3, p < 0.05) was used for inter-group comparative
analysis to identify these species with significant differences
in the relative abundance of soil bacteria communities under
different cultivate modes (Figure 6). LEfSe analysis showed
that there were seventy-seven distinct bacterial populations,
of which three were treated with B1P1, six with BiP2, three with
B1P3, sixteen with B2P1, two with B2P2, sixteen with B3P1,
four with B3P2, five with B3P2, nine with B3P3, and thirteen
with CK. Detailed species taxa were described as follows. For
phylum level, p_ Spirochaetes, p__Actinobacteria, and p___
Candidatus_ Gracilibacteria. For class level, c___Spirochaetia,
c__ Actinobacteriaand c___Acidimicrobiia. For order level,0____
Betaproteobacteria_ unclassified, o__ Deltaproteobacteria__
unclassified, o__ Actinobacteria_unclassified and o__
Desulfuromonadales. For family level, f Betaproteobacteria__
unclassified, f__ Deltaproteobacteria_ unclassified,
f_ Actinobacteria_ unclassified, f  Geobacteraceae and
f  Flavobacteriaceae. For genus level, g__Betaproteobacteria_

unclassified, g___Deltaproteobacteria_unclassified, g__

Cladogram

Figure 6: Cladogram (a) and bar chart (b) for the LEfSe analysis.
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Actinobacteria_unclassified, unclassified and g__Geobacter. Above
all, the combination of low or high phosphorus fertilizer with a
low amount of biochar could increase the relative abundance of
bacterial community differences, while the single phosphorus
fertilizer or high level of biochar combined with phosphorus
fertilizer would reduce the species’ number of differential
bacteria taxa. LEfSe analysis was also used to identify marker
species of microbial communities. Marker species participated
in a series of ecological processes of microorganisms through
transmission and liaison functions. LEfSe analysis results
showed that there were significant differences in bacterial
species abundance among different treatment modes. By
changing the micro-environment of the rhizosphere soil and
releasing chemical secretions (supplement or discharge),
different biochar and phosphate fertilizer treatments could
establish a suitable rhizosphere growth environment, thus
accelerating the selection of rhizosphere microbial communities
[31], resulting in differences in marker species among different
treatments. Most of the important microbial markers belong
to the bacterial groups Actinomycetes and Proteobacteria.
Our results were consistent with the conclusions proposed by
Zhang, et al. [32]. Based on the LEfSe of bacteria, the main
biomarker species in the combined application of carbon and
phosphorus were Actinobacteria, Spirochaetes, Acidimicrobiia,
Betaproteobacteria, Deltaproteobacteria, Caldilineae, Opitutae
and Cytophagia, suggesting that the co-application of biochar
and phosphate fertilizer might change the community structure
and composition of rhizosphere microorganisms, thereby
affecting a variety of biological processes [33]. Actinobacteria,
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Spirochaetes, Acidimicrobiia, and Betaproteobacteria played
important roles in the biochemistry cycle of soil carbon and
were suitable for the conversion of various carbon sources,
especially the hard-to-use carbon in biochar [34]. It may also
be the reason for the presence of these markers in the soil
treated with biochar and phosphate fertilizer.

Relationship between soil bacterial community and
physicochemical properties

Species taxa with LDA>/ were selected as the keystone
species of the bacterial community. Redundancy analysis (RDA)
for the relationship between the key species in soil bacterial
community and soil physical-chemical properties showed that
the RDA1 axis and RDA2 axis explained 25.50% and 19.63% of
the variation trend of critical soil bacterial taxa, respectively
(Figure 7). p_Actinobacteria was positively correlated with pH
value and available phosphorus while o_ Betaproteobacteria__
unclassified, f_Betaproteobacteria_unclassified, and g
Betaproteobacteria_ unclassified were negatively correlated
with pH value and available potassium. c_ Betaproteobacteria
was positively correlated with soil organic matter and total
phosphorus. c¢_ Deltaproteobacteria, o_ Deltaproteobacteria__
unclassified, f_Deltaproteobacteria_unclassified, and g
Deltaproteobacteria_ unclassified were negatively correlated
with bulk density and positively correlated with soil total
nitrogen, total potassium, water content and alkali-hydrolyzed
nitrogen. As shown in Figure 7, soil water content, organic
matter, total potassium, available phosphorus, and available
potassium had significant effects on the changes of marker
species of soil bacteria community, in which water content,
organic matter, total potassium, and available potassium
contributed the most to the alteration in the bacteria
community structures. The bacteria in soil microorganisms
had a great influence on the decomposition, transformation,
and circulation of soil substances. The soil bacteria community

https://www.biolscigroup.us/journals/annals-of-systems-biology 8

is closely related to the soil’s physical and chemical properties.
This study analyzed the correlation between soil bacterial key
species and soil physical and chemical properties. According
to the results of redundancy analysis, water content, organic
matter, total potassium, available phosphorus, and available
potassium were the main physicochemical factors affecting the
key species of soil bacteria. Soil potassium is essential for the
growth of soil microorganisms and has been reported as an
important factor that would affect soil bacterial communities
[35]. In this study, p__ Actinobacteria, c__ Actinobacteria,
0__ Actinobacteria_ unclassified, f _ Actinobacteria__
unclassified and s___Actinobacteria_ unclassified is positively
correlated with total potassium, o__ Betaproteobacteria__
unclassified, f  Betaproteobacteria_ unclassified, g__
Betaproteobacteria_unclassified, and s__ Betaproteobacteria__
unclassified were negatively correlated with available
potassium, which is similar to the results of Yang, et al. [22].
In addition, p__ Actinobacteria was positively correlated
with soil-available phosphorus, which is consistent with
previous studies [27]. Betaproteobacteria plays an important
role in the carbon and nitrogen cycle [36] and is positively
correlated with soil organic matter and total phosphorus. c___
Deltaproteobacteria, = o__ Deltaproteobacteria_ unclassified,
and f__ Deltaproteobacteria_unclassified were significantly
positively correlated with soil water content and porosity. As an
important part of soil structure, porosity has a positive effect
on the conduction of water and air in soil, which is conducive
to the growth and reproduction of aerobic bacteria. Soil water
content is one of the main factors to maintain soil microbial
life activities [37]). These bacterial keystone species may be
involved in the soil nutrient cycling process. In conclusion, the
combined application of biochar and phosphate fertilizer affects
the physical and chemical properties of soil and thus affects the
diversity and community structure of soil microorganisms. The
reason may be that the excellent pore size and specific surface
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area of biochar can improve the pore structure of the soil, thus
creating an aerobic environment and affecting the living space
of bacteria, which is conducive to the growth and reproduction
of the soil microbial community. In addition, biochar, through
its mineralization, subsequently releases unstable carbon and
nitrogen, which improves the activity of related enzymes in
soil, thereby improving the nutrient status of soil, and thus
affecting the growth, activity, and diversity of microorganisms
(13].

Analysis of the driving factors of yield under the combi-
ned application of biochar-phosphorus fertilizer

In order to study the driving factors that could affect
the rice yield after combined application for biochar and
phosphorus fertilizer, soil physicochemical properties (water
content, bulk density, porosity, pH value, organic matter, total
nitrogen, total phosphorus, total potassium, alkali-hydrolyzed
nitrogen, available phosphorus, and available potassium)
were regarded as external variables. With the o diversity of
bacteria as the intermediate variables and rice yield as the
internal variables, the initial Structural Equation Model (SEM)
among soil physicochemical properties-bacteria community-
rice yield under the combined application for biochar and
phosphate fertilizer (Figure 8). In the output results of the
initial SEM constructed by Amos software, the fitting index
could be obtained and each index reflected different fitting
effects. In our results, all the fitness indicators of the model
met the requirements after several revisions. Table 9 listed
the fitness indicators and the results showed that the model
fitted in a better status. The comprehensive response effects
of soil nutrient content and bacterial community diversity to
rice yield were analyzed by modified SEM. The effects of the
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combined application of biochar and phosphate fertilizer on
rice yield were mainly caused by the changes in soil nutrients
and bacterial community with a total variance of 88% (Figure
9). Soil organic matter, total nitrogen, available phosphorus,
and available potassium could directly affect the rice yield. In
addition, bacteria community richness was directly regulated by
bacterial community diversity (path coefficient = 0.57). Under
the combined application of organic and inorganic fertilizers,
the direct driving factor that had the greatest effect on rice yield
was the available phosphorus (path coefficient =0.48). At the
same time, soil available phosphorus, pH value, total nitrogen,
and available potassium could affect the bacteria community
diversity, which could change the potential impacts of soil
microorganisms in the carbon-nitrogen-phosphorus cycling
process. Therefore, it indirectly regulated the soil nutrient
conversion process and ultimately affected the final rice yield.
The order for the driving factors was described as follows:
soil available phosphorus, total nitrogen, available potassium,
organic matter, and pH value (Figure 10). The effects of the
combined application of biochar and phosphorus fertilizer
on rice yield were complicated, and related to the types and
amounts of biochar and phosphorus fertilizer, soil types, soil
physicochemical properties, and microbial communities. In
this study, the direct or indirect effects of each index on rice
yield were quantitatively analyzed by constructing a structural
equation model based on soil nutrient, bacterial community,
and rice yield under the combined application of biochar
and phosphate fertilizer. The total explanations of bacterial

Table 9: Fitting index value in the model.

o5 L on || i | sum
1

Modelvalue = 2230 4  0.694  0.989 0.982 0.000 0.019

Simpson

Yield

ACE

Figure 8: Conceptual model for crop field, bacteria taxa, and soil physical and chemical properties.
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Figure 9: Path diagram of structural equation based on the biochar-phosphate fertilizer co-application strategy.
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Figure 10: Driving force effects of soil indexes on the crop yield.

community diversity, bacterial community richness, and
rice yield were 80.1%, 64.5%, and 87.5%, respectively. The
results showed that rice yield was affected by multiple factors.
Some studies have suggested that soil physical and chemical
properties strongly affect soil microbial communities [38]. The
results showed that soil pH, organic matter, total nitrogen,
available phosphorus, and available potassium could indirectly
or directly affect rice yield by driving the diversity and richness
of bacterial community structure, among which soil available
phosphorus, total nitrogen, and available potassium had

the greatest driving effect on rice yield. The effects of the
combined application of biochar and phosphorus fertilizer
on rice yield were complicated, and related to the types and
amounts of biochar and phosphorus fertilizer, soil types, soil
physicochemical properties, and microbial communities. In
this study, the direct or indirect effects of each index on rice
yield were quantitatively analyzed by constructing a structural
equation model based on soil nutrient, bacterial community,
and rice yield under the combined application of biochar
and phosphate fertilizer. The total explanations of bacterial
community diversity, bacterial community richness, and
rice yield were 80.1%, 64.5%, and 87.5%, respectively. The
results showed that rice yield was affected by multiple factors.
Some studies have suggested that soil physical and chemical
properties strongly affect soil microbial communities [38]. The
results showed that soil pH, organic matter, total nitrogen,
available phosphorus, and available potassium could indirectly
or directly affect rice yield by driving the diversity and richness
of bacterial community structure, among which soil available
phosphorus, total nitrogen, and available potassium had the
greatest driving effect on rice yield (Figure 10). Studies have
also shown that nutrient availability can limit soil microbial
activity in rice ecosystems [39]. The results of this experiment
show that available phosphorus can directly regulate rice
yield and indirectly affect rice yield through soil bacterial
diversity (Figure 10), which may be because the availability
of phosphorus in soil is a major limiting factor for microbial
growth and crop yield [40]. When phosphorus fertilizer is added
to the soil, it provides phosphorus for the soil, and biochar acts
on the inorganic phosphorus in the soil because of its strong
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resistance to decomposition and oxidation, thus improving
the availability of phosphorus in the soil. At the same time,
when biochar is applied to soil, it can increase the content
of available phosphorus in the soil through concentration
gradient diffusion, and the increase of available phosphorus
promotes the growth of crops. In addition, with the increase of
available phosphorus content, the activity of some important
phosphorus-soluble bacteria in the soil was promoted [41],
and the structure of the soil bacterial community was changed,
thus affecting the growth of crops. In this experiment, total
nitrogen can directly regulate rice yield, but also indirectly
drive bacterial diversity and thus affect rice yield. Biochar
increases the nitrogen content in the soil, promotes the
accumulation of above-ground and subsurface biomass, and
thus affects the nutrient conversion of soil microorganisms
[42]. Soil organic matter and pH are considered to be important
drivers of terrestrial ecosystem function [38]. These results
indicate that soil organic matter can affect rice yield by directly
changing the abundance of bacterial communities, possibly
because the active microbial communities are susceptible to the
availability of organic matter [43]. In addition to affecting rice
yield through bacterial diversity, soil pH also indirectly drives
bacterial abundance through affecting bacterial diversity, thus
affecting rice yield. Therefore, the combination of biochar
and phosphate fertilizer can not only directly promote the
formation of rice yield by regulating soil nutrient availability
and pH, but also indirectly affect the diversity and abundance
of microbial community to regulate rice yield. However, the
present study was only performed based on the pot experiment
and proposed that the co-application of biochar and phosphate
fertilizer could affect the soil microbe community composition.
In the future, it was essential to develop field experiments to
simulate the natural crop culture production environment.
With the rapid development of genome technology, it was
thought that functional genome sequencing was needed to
clarify the molecular mechanism in the regulation roles of
biochar-phosphate fertilizer on the soil microorganism and
crop field.

Conclusion

Biochar combined with phosphorus fertilizer had a certain
effect on soil bacterial community diversity and altered the
bacteria taxa composition in the soil ecology system. The
relationships among species of bacteria community in each
treatment were mainly positive. The combination of biochar
and phosphate fertilizer strengthened the competition
among species in the bacteria symbiotic network, reduced
the complexity and separation degree of the soil bacteria
community system, and increased the connectivity of microbe
taxa structure. It was also found that water content, organic
matter, total potassium, available phosphorus, and quick-
acting potassium were the main physical and chemical factors
affecting soil bacteria community structure.
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