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Abstract: Soil microorganisms play an important role in agricultural ecosystems, but their response
to organic fertilizer application has not been thoroughly elucidated. Thus, high-throughput
sequencing was used to investigate the responses of soil bacterial to organic fertilizer amendment
(composted from pig manure) in the field during the entire growth cycle of maize plants. Four
treatments were studied: treatment with 2 kg:m= organic fertilizer application (OF_2), treatment
with 4 kg:m= organic fertilizer application (OF_4), treatment with 6 kg:m= organic fertilizer
application (OF_6), and a controlled treatment (CK) without fertilization. The results revealed
that the bacterial richness in OF_2 was significantly lower than that of CK (p < 0.05). Soil
eutrophication bacteria Bacteroidetes increased effectively in all fertilized soils, relative
abundance in OF_2, OF_4, and OF_6 for the entire maize growth cycle was 68.00%, 71.40%, and
77.93% higher than that in CK, respectively. In addition, soil nitrobacteria (Nitrospirae,
Nitrospira), were markedly decreased (p <0.05) with fertilization amount. The relative abundance
of the nitrogen-fixing genus Adhaeribacter in OF_6 was 209.28%, 72.8% and 35.66% higher than
that in CK, OF_2 and OF_4 at mature stage. The pathogenic genus Flavolibacterium was
significantly increased (p < 0.05) in fertilized soil at the seeding stage. The driving factor
governing the variations of bacterial community in CK, OF_2, OF_4 and OF_6 were pH
value, available phosphorus, available phosphorus, and chromium, respectively. The findings
highlight that part of the soil functional or pathogenic bacteria population was susceptible to
organic fertilizer application; and the driving factor of bacterial composition change was
associated with the rate of fertilization. More targeted experiments are needed to enhance the
understanding of functional bacteria and the synergistic effect of soil physicochemical property
physical on soil bacteria.
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1. Introduction

The rapid development of the livestock industry has produced a large amount of
livestock waste [1]. For instance, the output of livestock waste in China in 2016 reached
nearly 38.0 billion tons [2]. Animal manure can effectively improve soil fertility and crop
productivity through input of large amounts of organic matter and soil nutrients [3,4];
hence, the application of organic fertilizer to fields has become an effective method for
treating livestock wastes. However, since the composting process cannot completely
remove heavy metals, soil heavy metals may increase with the application of composted
organic livestock manure [5,6].

Agricultural soil is an environment enriched in microbes that are susceptible to
environmental changes [7]. The changes of soil nutrients, heavy metals and pH after
fertilization all significantly impact the biomass, composition and diversity of soil
microbes. For instance, the sufficient nitrogen and carbon provided by organic fertilizer
supplementation promotes the growth and reproduction of soil microbes [8] while the
excess available phosphorus provided by fertilization reduces the diversity of soil
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microbial communities [9]. The changes of soil pH change the soil bacterial community
composition, as the relative abundance of soil-dominant bacteria (such as Acidobacteria,
Actinobacteria, and Bacteroidetes) varies with the range of soil pH [10]. Some heavy
metals, such as Cr, As, Zn and Cd, negatively affect microbial biomass carbon content and
microbial communities” richness [11,12]. In addition, the pathogenic bacteria of animal
manure may accumulate in the soil with fertilization [4,13], and then affect the indigenous
microorganisms.

Soil microorganisms play an important role in field ecosystems by influencing soil
quality and biogeochemical cycling [14]. In contrast, the soil microbial community’s
ecological function could be reflected by diversity index, carbon source utilization by
microbes, community composition, soil dominant In contrast, the soil microbial
community’s ecological function could be reflected by diversity index, carbon source
utilization by microbes, community composition, soil dominant microbes, etc. [15,16].
Various studies have shown that animal manure application significantly affects the
microbial community in different agroecosystems. A short-term fertilization study [17]
demonstrated that organic fertilization effectively promoted the reproduction of
eutrophic microorganisms and a long-term (33 year) fertilization experiment in dry land
has shown that pig manure greatly increased microbial diversity and abundance [18]. The
response mechanism of these variations requires further investigation, furthermore, these
studies were all only sampled once, and the analysis of soil microbes during the whole
crop growth cycle needs to be investigated. Moreover, a fertilization study on paddy fields
[4] indicated that microbial diversity significantly increased after application of pig
manure. However, studies have also noted that excessive manure significantly reduces
microbial diversity [19]. This discrepancy requires further investigation of the microbial
responses to fertilizer application with different dosages.

This study hypothesized that soil bacteria in farmland changed differentially under
different fertilization rates because of their different tolerance to nutrient and heavy metal
accumulation. Thus, high-throughput sequencing was used to investigate the responses
of soil bacteria to organic fertilizer amendment in the field during the entire growth cycle
of maize plants. The aims of this research were to investigate: 1) how bacteria communities
respond to different amounts of organic fertilizer application; 2) The differences in the soil
microbial community in different stages of the maize growth cycle under different
fertilization rates; and 3) the driving factors that govern bacterial community variations.

2. Materials and methods
2.1. Field Experimental Conditions

The experiment area of 0.03 km?, is within the Experimental Base of Farmland Soil
Ecological Process in Zhongxing Town, Chongming Island (121°09'30"-121°54'00"E,
31°27'00"-31°51'15"N), Shanghai, China [4]. The local climate is the typical subtropical
oceanic monsoon climate of north Asia. It is mild and humid, with four distinct seasons,
abundant rainfall (1049.3 mm/year on average), sufficient sunshine (frost-free period of
229 days), and an annual average temperature of 15.3 °C. The experimental base was built
on the local farmland, with the same farming conditions and environment as the
surrounding area.

2.2. Design of the Experiment

The organic fertilizer is made of pig manure taken from a local pig farm on
Chongming Island, which is based on aerobic composition. The pig manure applied in the
experiment contained 551 g-kg of soil organic matter (SOM), 21.6 g-kg of total nitrogen
(TN), 2.05 g-kg2 of total phosphorus (TK), 1.16 g-kg2of available nitrogen (AN), 0.57 g-kg2
of the available phosphorus (AP), 12.7 g-kg of available potassium (AK), 0.25 g-kg of
the cadmium (Cd), 0.157 g-kg of the mercury (Hg), 0.14 g-kg2 of the arsenic (As),15.0
g-kg? of the lead (Pb),15.5 g-kg2 of the chromium (Cr).
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The study selected a common local crop, yellow maize, to be directly sowed in early
April. The planting density was 5.25 plants per square meter [20]. Other cultivation and
management measures were the same as for other maize. Four treatments were set up,
including CK of unfertilized control and OF_2, OF_4 and OF_6 with organic fertilization
of 2 kg, 4 kg and 6 kg per square meter, respectively. Each application was repeated three
times. The difference of application amount was determined according to the government
technical standard for livestock manure application on farmland (GB/T 25246-2010),
which sets a limiting amount for maize fields.

The experiment site was divided into 12 identical plots of 9 m? (3x3 m), with an
impermeable membrane of 0.5 mm thick in between. The membranes were buried 30 cm
deep to prevent the plots from interfering with each other. Passages of 20 cm wide were
also prepared for on-site monitoring and sampling (Figure 1).

CK_a CK_b CK ¢ Control group
OF 2b OF 4a OF 4¢ OF gb |Organic fertilizer
group
3m | OF 2a OF % OF 4b OF 6a OF 6c
3m

Figure 1. Layout of the experimental site.

2.3. Sampling and Analysis
2.3.1. Sample Collection

According to the growth life cycle of maize, a total of four soil samplings were set,
which were in late April (seedling stage, VE), mid-May (three-leaf stage, V3), early July
(filling stage, R2) and late August (mature stage, R5). A five-point sampling method was
used to collect 500 g soil per plot at 0-20 cm deep. After removing debris, earthworms and
plant residues, part of the sample was placed in a sterile centrifuge tube and stored in the
-80°C freezer for subsequent experimental analysis. The other part was placed in a sterile
glass bottle and stored in a —4°C refrigerator for physiochemical analysis within 7 days.

2.3.2. Analysis of Soil Physiochemical Index

The soil samples were sifted by 10-mesh and 100-mesh after grinding. The test
methods of pH, SOM, TN, TP, TK and heavy metals including Pb, Cd, As, Hg and Cr are
according to Li et al. [4]. The AN in the soil is determined by the alkaline hydrolysis
diffusion method. The AP is extracted by 0.5 mol NaHCOs (water-soil ratio is 20:1), and
determined by molybdenum blue colorimetry. The AK was extracted by NH4OAc (water-
soil ratio is 10:1) and determined by a flame photometry method [21].

2.3.3. Analysis of Community Structure

By high-throughput sequencing method, bacterial DNA was extracted from the
sample using Fast DNA Spin Kit (MP Biomedicals, Santa Ana, CA, USA), and then the
DNA concentration and purity was determined by NanoDrop 2000 UV-Vis
spectrophotometer (Thermo Scientific, Wilmington, DE, USA). The DNA quality was
tested by 1% agarose gel electrophoresis. The 16rRNA of the bacteria was PCR amplified
by bacterial specific primers 338F (5'-ACTCCTACGGGAGGCAGCAG-3 ) and 806R (5'-
GGACTACHVGGGTWTCTAAT-3') of V3-V4 (392bp) hypervariable region, and tested
by 2% agarose gel electrophoresis. Then the gel was cut, recovered and the library was
established and sequenced on Illumina MiSeq platform [22] The DNA sequence quality
was controlled with the Trimmomatic software, and spliced using FLASH software to
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obtain high-quality sequences, which were OUT clustered with UPARSE software under
the condition of 97% similarity. The chimeras were removed using UCHIME, and all OTU
sequences were finally flattened by a certain number of sequences for later analysis.

2.3.4. Analysis of Soil Respiration Rate

A PVC soil respiration base of 20 cm diameter and 12 cm high ring was buried under
each plot at 10 cm deep after sowing. The upper end was 2 cm above the ground. To avoid
experimental errors, the bases were placed in the gaps between the plants and avoided
their roots. In order to eliminate the influence of plant photosynthesis and ground litter
on the data, the plots were cleaned the day before each measurement without disturbing
the surface soil. The soil respiration rate was measured in the field using the Automated
Soil CO:2 Flux System LI-8100 (LI-COR, Lincoln, NE, USA) at the same time of soil
sampling, between 9 a.m. to 11a.m. on sunny days.

2.4. Statistical Analysis

Microsoft Excel 2016 (Microsoft Corporation, Redmond, WA, USA ) was used to calculate
the mean and standard deviation of the original data. One-way ANOVA (SPSS V. 24, IBM,
Armonk, NY, USA) was used to analyze the significance of differences in soil physiochemical
factors, bacterial diversity index and significant analysis between groups. The Pearson method
was used to analyze the correlation between environmental factors and bacteria [4].

3. Results and Discussion
3.1. Changes in Soil Environment Factors
3.1.1. Changes in Soil Nutrients

Organic fertilizer is enriched with organic matter and nutrients including potassium,
phosphorus and nitrogen [23]. Thus, soil fertility was greatly improved by the organic
fertilizer amendments applied in this study. For instance, in agreement with previous
findings [3,4], the soil SOM, TN, TP, AP, AK was improved with the increase in the
amount of organic fertilizer at the entire stage (Table 1), and AP concentration
significantly improved with the increase of the amount of fertilizer in the last three stages
(p<0.05). In addition, soil pH decreased with the application amount of organic fertilizer,
due to the fact that the soil accumulation of organic matter also increases humic acid
colloids and thus the pH of the soil decreased [24].

Table 1. Effect of organic fertilizer application rate on soil nutrients. Units: mg/kg.

Time Group pH SOM TN AN TP AP TK AK

CK 778+0074a 16+2b 094+0.11b 0.20+0.01a 0.91+0.26b 645+99b 13.05+2.60b 87.2+44.4b

Seedling OF_2 7.65+0.065ab 32+9a 1.05+0.10b 0.20+0.02a 1.10+0.13a 80.2+18.3ab 16.00+2.43b 129.0+4.3b
stage OF 4 756+0.037b 37+2a 133+0.07a 0.20+0.02a 1.16+0.11la 96.7+29.0a 17.60+1.15ab 182.7 +44.3a
OF 6 752+0.037b 38+8a 1.41+0.09a 0.17+0.02a 124+0.13a 101.3+13.6a 20.77+3.65a 195.3+15.6a
CK  799+0238a 16+2a 0.96+0.05c 96.00+41.82a 1.17+0.10a 131.7+25.5b 17.67 +1.42ab 120.9 +29.9c
Three-leaf OF_2 8.07+0.065a 19 +0ab 1.20 +0.07bc 62.67 +14.34a 0.83 +0.37a 171.3 +45.2ab 16.37 +0.17ab 179.3 +17.8c
stage OF_4 790+0.037ab 24+4a 1.36+0.19ab 87.00+4.55a 1.00+0.42a 214.3+85.5a 16.77+0.05a 253.3+26.3b
OF 6 7.78+0.037b 29+2a 173+0.18a 69.33+12.26a 1.48+0.14a 270.0+53.6a 16.63+2.16a 315.7 +36.4a
CK  8.06+0.014a 17+2b 1.30+0.08ab 73.00+24.54a 1.16+0.06a 130.7+7.8ab 16.50+1.28a 116.8 +31.1c
Filling OF_2 780+0.025a 17+3b 1.19+0.03b 53.67+9.74a 1.13+0.08a 104.0+19.1b 17.10+1.30a 167.7 +12.3c
stage OF_ 4 754+0232b 23+2ab 1.44+0.14ab 57.33+4.03a 1.23+0.13a 147.3+43.3ab 16.57 +2.82a 189.7 +31.9b
OF 6 7.64+0.033b 25+3a 1.67+0.09a 83.33+4.11a 1.37+0.17a 210.0+52.7a 12.87+2.6la 251.7+9.0a

CK  821+0.059a 17+1c 1.27+0.05c 65.33+2.62b 1.12+0.06b 61.3+57b  837+0.06a 87.3+4.0d

Mature OF_2 8.01£0.021b 21+1b 1.17+0.08c 89.33+14.38a 1.19+0.10b 70.0+10.4b  8.21+024a 183.0+4.1c
stage OF 4 792+0.049b 25+1a 142+0.10b 77.67+7.04ab 1.27+0.09b 92.0+18.5b 6.92+0.38a 212.3+17.6b
OF 6 7.80+0.059c 27+1la 1.63+0.07a 92.33+3.40a 152+0.17a 136.0+18.8a 6.90+0.30a 273.0+8.0a

*a, b, c represents the significant difference between groups during the same stage (p<0.05).
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3.1.2. Changes in Soil Heavy Metal

The concentrations of Cd and Pb were not significantly different among the groups
during the different stages (Table 2). In addition, the concentration of Hg and As was
increased by fertilization. At the mature stage, the concentration of Hg in OF, OF_2, and
OF_6 was significantly higher than that in CK, which was 46.75%, 81.82% and 59.74%,
respectively, and the concentration of As in OF_4 and OF_6 were significantly higher than
that CK (p <0.05), reaching 14.89% and 14.76%, respectively. However, the concentrations
of Hg and As were not significantly different among the fertilized groups during different
stages. The concentration of Cr in the fertilized groups was significantly higher than that
of CK in the seedling stage (p <0.05), however, in the last three stages, there was no clear
difference in the concentration of Cr among the groups. Although soil heavy metal content
had no obvious change with the increase of organic fertilizer, soil Hg and As in all
fertilized soils increased significantly. Since heavy metal-additives (As, Cr, and others) are
often added to animal feed, additives result in partial heavy metals residue still exists in
organic fertilizer [25]. In addition, these heavy metals accumulate in soils when organic
fertilizer application [5].

Table 2. Effect of organic fertilizer application rate on soil heavy metal. Units: mg/kg.

Stage Group Cd Hg As Pb Cr

CK 0.14 +0.02a 0.089 + 0.005b 7.13 +0.99b 34.3+5.1a 42 + 6¢

Seedling OF_2 0.15 +0.00a 0.111 £ 0.007ab 10.11 + 1.03ab 37.1+4.0a 52+ 7b

stage OF_4 0.15 +0.00a 0.109 + 0.011b 12.73 +3.32a 36.7 +5.1a 61 +6a
OF_6 0.16 £ 0.01a 0.137 +0.018a 12.41 + 0.69a 36.2 +3.6a 51 +11ab

CK 0.12+0.01a 0.097 + 0.006a 5.29 + 0.50a 33.0+8.3a 78 £ 7a

Three-leaf OF_2 0.13 +0.00a 0.101 +0.018a 5.00 +0.08a 32.8 +3.0a 64 +5a
stage OF_4 0.12+0.01a 0.104 + 0.014a 4.77 +0.52a 33.7+1.7a 68 £11a

OF_6 0.11 £ 0.04a 0.119 + 0.033a 4.29 +0.10a 23.9 +8.0a 65 +9a

CK 0.14 + 0.00a 0.068 + 0.011b 8.59 + 0.09a 345+22a 52 +3a

Filling OF_2 0.12 + 0.00ab 0.105 £ 0.012ab 7.75 +0.24ab 32.7+2.7a 23 +4b
stage OF_4 0.08 +0.01b 0.138 + 0.027a 6.85 +0.82b 27.5+8.3a 25+ 11b

OF_6 0.10 + 0.04ab 0.152 +0.027a 8.03 +0.72ab 29.6 +5.3a 42 + 8a

CK 0.11 £0.01a 0.077 £ 0.002b 8.06 +0.10b 26.9 +0.6a 36 +4a

Mature OF_2 0.14 £ 0.01a 0.113 + 0.004a 8.89 + 0.47ab 249 +0.6a 45 + 6a

stage OF 4 0.16 +0.01a 0.140 + 0.020a 9.26 +0.51a 24.8 +0.3a 42 + 8a

OF_6 0.16 + 0.03a 0.123 + 0.003a 9.25+0.39a 249 +0.9a 49 +2a

*a, b, c represent the significant difference between groups during the same stage (p<0.05).

3.1.3. Changes in Soil Respiration Rate

The soil respiration rate varied seasonally during the entire maize growth cycle. The
trend among groups remained unchanged, showing a trend of decreasing first and then
rising (Figure 2). Studies have indicated that the change in soil temperature and growth
of maize roots both drive seasonal variations of soil respiration rate [26]. The soil
respiration rate increased with the application amount of organic fertilizer, and the
highest value at different stages appeared in OF_6, which was between 9.39-14.01
umol'm2-s1. In addition, during the entire maize growth cycle, the respiratory rates of
OF_6, OF_ 4 and OF_ 2 were significantly higher than those of CK (p<0.5), the mean
respiration rate of OF_6, OF_4 and OF_2 was 267.65%, 162.71% and 127.30% higher than
that of CK. Organic fertilizer applications increased soil respiration rate, and the result
was in accordance with previous research [27]. The soil respiration rate increased with
increasing organic fertilizer rate, mainly attributable to that the increase in fertilizer
application increased the input of exogenous nutrients [26]. In addition, the increase in
soil respiration rate indicated that soil bacterial activity or crop root respiration increased.
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Figure 2. Effect of organic fertilizer application rate on soil respiration rate.

3.2. Changes in Bacterial Diversity

Shannon-wiener index and Ace index were selected to represent the diversity and
richness of soil bacterial communities (Table 3). There was no significant difference in
Shannon index among treatment groups in different periods. The Ace index of OF_6 and
CK were significantly higher than that of OF_2 at the seedling stage, three-leaf stage, and
mature stage (p <0.05), and those were siginificantly higher than that of OF_4 at the three-
leaf stage (p <0.05). Overall, there was no significant difference in the Ace index of CK and
OF_6. In addition, the Ace index shows an upward trend with an increase in fertilizer
application. The results showed that the application of organic fertilizer had very slight
effect on soil bacterial diversity. A small amount of organic fertilizer reduced bacterial
richness. However, with the increase of organic fertilizer application, it then increased.
Nutrients in organic fertilizers are beneficial to the growth and reproduction of soil
bacteria, thus improving the richness of bacteria [28]. However, heavy metals certainly
inhibit microorganisms [6]. The main reasons for the decrease of bacterial richness in OF_2
and OF_4 was that inhibition of heavy metals to soil microorganism is more prominent
when soil nutrients are low.

Table 3. Shannon index and Ace index of soil bacteria.

Biodiversity Growth

Index stage CK OF_2 OF_4 OF_6

Seedling stage 6.8834 +0.1708a 6.7949 +0.1653a 6.8714 + 0.0704a  6.8443 + 0.2595a
Shannon-  Three-leaf
wiener stage
Index Filling stage 6.7044 +0.1043a 6.7042 +0.2088a 6.8142 +0.0996a  6.6102 + 2.4029a
Mature stage 6.7641 +0.2794a 6.8824 +0.1223a 6.9137 +0.0630a  6.8474 + 0.1585a
Seedling stage 5689.60 + 171.70a5192.00 + 335.81b5494.70 + 505.90ab 5668.60 + 340.41a
Three-leaf
Ace Index stage
Filling stage 4365.90 + 301.31a4273.30 + 396.61a 4403.8 + 408.54a 4489.00 + 1890.00a
Mature stage 4788.80 + 452.24a4538.30 + 257.23b 4513.5 + 331.62ab 4721.3 + 346.83a
*a, b represents the significant difference between groups during the same stage (p<0.05).

6.9041 +0.1727a 6.9553 + 0.0614a 6.8343 +0.1597a  6.8282 +0.1598a

5224.80 +125.18a4859.10 + 178.83b 4883.50 +292.51b 5140.00 + 526.68a

3.3. Changes in Soil Bacterial Community
3.3.1. Bacterial Community Changes at the Phylum Level

Dominant Phylum After Fertilization

The dominant phyla in the soil are shown in Figure 3. In agreement with previous
findings [4,29], the first dominant phylum in all samples was Proteobacteria, accounting
for 26.70%-42.04% of the total bacteria. At the seedling stage and the three-leaf stage, the
second most dominant phylum in all groups was Actinobacteria, accounting for 19.22%—
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22.05%; The second dominant phylum is different at the filling stage, it was Actinobacteria
in CK, while treatment groups were Acidobacteria (accounting for 17.36-19.08%).
However, at the mature stage, all groups had Acidobacteria as their dominant phylum,
with a 17.45-20.48% proportion. High abundance of phyla in each group also includes
Chloroflexi, Firmicutes, and Gemmatimonadetes, etc. The environment factor such as
rainfall or temperature can affect the soil bacterial community [30]. The results showed
that bacterial community in each group changed with the maize growth. This change
occurs with or without the addition of an exogenous fertilizer. However, the addition of
fertilizer can change the dominant soil bacteria in farmland.

100% Taxon

others
30% B Cyanobacteria
H Nitrospirae

M Patescibacteria
60% - B Verrucomicrobia

m Planctomycetes

H Rokubacteria

40% o m Gemmatimonadetes
® Bacteroidetes

m Acidobacteria

20% Chloroflexi

M Firmicutes

 Actinobacteria

0% -~ :
]

*'Q Qv{(b Ck‘ v ow b d" Vo Proteobacteria

S F NGO A

FEEE
O{C/OQIOQ/ CQE; ey

¢ ¥
@é\/,@/,@/ -V GGG [YPRIPEeY:

Figure 3. The relative abundance of bacterial level in different treated soil (phylum level). *M
represents seedling stage, S represents three-leaf stage, G represents filling stage, C represents
mature stage.

Difference Analysis of the Bacterial Community

At the phylum level, there are significant differences between bacterial communities
of each group (Figure 4), including Firmicutes, Bacteroidetes, Proteobacteria, Nitrospirae,
Actinobacteria, and Rokubacteria (p<0.05). The relative abundance of Firmicutes increased
at the seedling stage with the increasing amount of fertilizer, in which OF_4 and OF_6
was significantly higher than CK and OF_2 (p<0.05). The relative abundance of
Bacteroidetes in fertilized groups was significantly higher than that in CK(p<0.05), except
for the three-leaf stage. In the entire cycle, the relative abundance of Bacteroidetes in OF_2,
OF_4, and OF_6 was 68.00%, 71.40%, and 77.93% higher than that in CK, respectively.
Both Firmicutes and Bacteroidetes are eutrophic bacteria [31,32]. The increases in soil
nutrients after fertilizer application (Table 1) promoted their increase in relative
abundance. There was no significant difference in the relative abundance of
Actinobacteria from each treatment group at each stage. However, the relative abundance
of Actinobacteria in treatment groups was lower than CK at the filling stage and was
significantly lower than in CK at mature stage(p<0.05). Actinobacteria are more abundant
in soils with low organic carbon content [28,33]. The increase in soil organic matter after
the organic fertilizer application of the main reason for the relative abundance decrease
(Table 1).The relative abundance of Nitrospirae is decreased with increasing fertilization
during the entire growth cycle. The relative abundance of Nitrospirae in OF_6 was
significantly lower than that in CK and OF_2 at the three-leaf stage and filling stage
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(p<0.05). Nitrospirae is involved in soil nitrification [34], the increase of TN and AN after
fertilization may be the main reason for the decrease of its relative abundance [35].

)
o Firmicutes b b * 0.0379 m=mCK
2 . =mOF_2
b =0F_4
o) )
I= Bacteroidetes Eaa * 00152 EI0OF_6
- a
o . . a
3 — Patescibacteria !b ab * 0.0212
ab
% 0 3 a 6 8 10 1z
a
£ Rokubacteria By « 0.0403
—
3
- Nitrospirae
b P ** 0.0065
g
= 00 02 04 06 08 10 12 14
- . D a
Proteobacteria T2 4 * 0.0169
. . a
o)
Actinobacteria E‘ ** 0.0025 g
. a =3
© Chloroflexi p - &
N ab
j = ab 0.0265
» Bacteroidetes E &y -
= _ o 0.0372
= |Gemmatimonadetes E;- a -
i a 0.0031
Firmicutes Eb a -
a 0.0364
Rokubacteria F A -
b N 0.0128
L Nitrospirae 'baﬂ“ » 0.0181
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a
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Mean proportions(%)

Figure 4. Bacteria with significant differences between different treated soils (phylum level).
3.3.2. Changes in Bacterial Community at Genus Level

Seedling stage

The genera with significant differences in relative abundance between groups are
shown in Figure 5. The results showed that the relative abundances of some genera,
including Thermobifida, Flavobacterium, Adhaeribacter, were significantly increased after the
application of organic fertilizer (p<0.05). Flavobacterium was reported as pathogenic
bacteria, and the increase in its relative abundance may have adverse effects of soil health
[4]. Besides, the relative abundance of Thermobifida increased with increasing fertilizer
amount. which in OF_4 and OF_6 was 241.41% and 342.44% higher than that in OF_2, but
was not detected in CK. Thermobifida is reportedly a thermophilic bacterium could be
produced during the composting of animal waste [36], and possessing the ability to
degrade plant fibers [37]. The result indicated that it enters the soil with organic fertilizer
fertilization. Meanwhile, the relative abundances of Arthrobacter and Gaiella were
significantly decreased after the application of organic fertilizer (p<0.05). And the relative
abundance of Guiella decreased with increasing fertilizer amount, of which CK and OF_2
were significantly higher than that of OF_4 and OF_6.
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Figure 5. Bacteria with significant differences between different treated soil at the seedling stage

(genus level).

Three-leaf stage

The genera with significant differences in relative abundance between groups are
shown in Figure 6. The relative abundance of Devosia, Pedobacter and Novosphingobium
increased significantly in fertilized soil (p<0.05). In addition, the relative abundance of
Devosia increased with the fertilizer amount, which in OF_4 and OF_6 was 47.31% and
62.44% higher than that in OF_2, respectively. Studies prove that Devosia is a genus of
bacteria involved in organic matter degradation [38]. Meanwhile, the relative abundances
of Nitrospira, RB41, and Ellin6067 were obviously decreased in the soil with organic
fertilizer application (p<0.05). Nitrospira is known as the main genus of bacteria involved
in nitrite oxidation [35], and the increase in nitrogen content after fertilization will reduce

the abundance of Nitrospira [29].

a
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Figure 6. Bacteria with significant differences between different treated soil at the three-leaf stage

(genus level).
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Filling stage

The genera with significant differences in relative abundance between groups are
shown in Figure 7. The relative abundance of Sphingomonas and Flavisolibacter increased
significantly in fertilized soil (p<0.05), but there was no significant difference in their
relative abundances between fertilized groups. The relative abundance of Marmoricola,
Bacillus, Gaiella, and Nocardioides all decreased significantly in fertilized soil (p<0.05).
Bacillus showed a huge decline in relative abundance in fertilized soil, its relative
abundance in OF_2, OF_4, and OF_6 was 77.76%, 78.77%, and 81.66% lower than that in
CK, respectively. The relative abundance of Gaiella in seedling stage also decreased in
fertilized soil, showing a significant decrease with fertilizer amount (p<0.05) (Figure 5).
Studies show that Gaiella is sensitive to soil antibiotics [39], and animal manure
application usually reduces its relative abundance [40].

Sphi . a mCK
phingomonas = " 00011 mmOF_2
. =OF_4
Marmoricola ~ b » 00030 =OFS
Lysobacter L. = 0.0035
b
a
Bacillus b Db = 0.0041
: b
8]
Elin6055 E a =+ 00004 D
a Ry
ab c
MND1 E} « 00385 @
a
Gaiella ’ b ws 0.0001
C
a
Nocardioides b = 0.0001

b
Flavisolibacter E‘ﬁ = 00037
a

2 3 4 5 6 7
Mean proportions(%)

o
-

Figure 7. Bacteria with significant differences between different treated soil at the filling stage
(genus level).

Mature Stage

The genera with significant differences in relative abundance between groups are
shown in Figure 8. Similar to the seedling stage, Adhaeribacter increased in the relative
abundance in fertilized soil at mature stage. In addition, the relative abundance of
Adhaeribacte increased with fertilizer amount, which in OF_6 was 209.28%, 72.8% and
35.66% higher than that in CK, OF_2 and OF_4, respectively. Since Adhaeribacter has been
regarded as a soil nitrogen-fixing bacterium [41], the increase of its relative abundance
might improve the soil nitrogen-fixing potential. The relative abundances of Nitrospira,
Bacillus, Byobacter, Acidibacter and Chyseolinea in fertilized soil were also significantly
higher than those in CK, although the relative abundance of Nitrospira in fertilized soil
was higher than that in CK, which was different from the situation in the three-leaf stage.
The decrease of Nitrospira in relative abundance with fertilizer amount was the same as
that in the three-leaf stage. The main reason for this is that soil nutrients can promote the
growth of Nitrospira after fertilization, but soil nitrogen, increased with the fertilizer
amount, inhibits the growth of Nitrospira [29].
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Figure 8. Bacteria with significant differences between treatment groups at the mature stage
(genus level).

3.3.3. Changes in the composition of bacterial community

Principal component analysis (PCA) was selected to analyze the main composition
of bacterial community in each group (Figure 9). The cluster of each group was highly
distinct from each other at seedling, three-leaf and filling stage. Soil bacteria are
susceptible to the addition of exogenous substances [42]. Fertilization, or increasing the
amount of fertilizer would change the composition of soil bacterial community. The main
reason for that change is that the nutrients and heavy metals added after fertilization
stimulate or inhibit the growth and reproduction of different bacteria (Figures 4-8), while
at mature stage, the cluster of each group were not separated, indicating that fertilization
can only affect the bacterial community structure in the short term.
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Figure 9. Principal component analysis of bacterial community during the entire maize growth
cycle (OTU level). (a) seedling stage; (b) Three-leaf stage; (c) filling stage; (d) mature stage.

3.4. Correlations Between Soil Properties and the Community Structure

Ten soil physicochemical properties were selected to estimate the correlation
between soil environmental factors and bacterial community composition (Figure 10). The



Land 2021, 10, 328

12 of 15

bacterial community structure was largely correlated with pH, Cr, Pb, TK, AK, TP, AP,
and SOM. In additoin, the driving factor of the bacterial community composition in CK
was pH. However, the driving factor of the bacterial community composition in OF_2 and
OF_4 was AP (R?=0.598 and 0.722, respectively), and that in OF_6 was Cr (R2=0.712). The
results showed that pH is the most important factor affecting the bacteria composition in
the soil undisturbed by organic fertilizer, which is consistent with other studies [10,43].
However, the driving factor of soil bacterial composition changed with the change of
fertilizer amount.
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Figure 10. Correlations between soil properties and the community structure of soil bacterial as
determined by redundancy analysis (RDA) during the entire maize growth cycle. (a) seedling
stage; (b) Three-leaf stage; (c) filling stage; (d) mature stage.

4. Conclusions

This study demonstrated that the increase in the application amount of organic
fertilizer effectively enhanced soil nutrients and soil respiration rate. Soil bacteria in
farmland are susceptible to fertilization, the relative abundance of soil eutrophication
bacteria (Firmicutes and Bacteroidetes) increased effectively in all fertilized soils, and the
relative abundance of the pathogenic genus Flavolibacterium at the seeding stage also
increased in fertilized soils. Increasing the amount of fertilizer was conducive to the
growth of nitrogen-fixing bacteria Adhaeribacter, but unfavorable to the growth of nitrite-
oxidizing bacteria Nitrospirae, Nitrospira and antibiotic-sensitive Gaiella bacteria. The
results showed that the driving factor of bacterial composition was closely related to the
fertilization rate. However, the response mechanism of soil bacteria to organic fertilizer
application is complex and needs further study to explain it satisfactorily.
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