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We studied the inﬂuence of phosphorus (P) fertilizers on bacterial communities at diﬀerent P fertilizer dosages
(60 and 120 kg/ha) and delivery systems (row and broadcast application) in a wheat ﬁeld in China. The bacterial
community composition was identiﬁed using 16S rRNA high-throughput sequencing analysis. The input of
phosphate fertilizer changed the diversity and distribution of the bacterial community in the soil layers. The
inﬂuence on the 0–20 cm layer was greater than that on the 20–40 cm layer. The abundance of Bacteroidetes and
Proteobacteria was enriched in TT60, and the predominant phyla were Proteobacteria (48.69 %), Acidobacteria
(23.11 %), Bacteroidetes (20.67 %), Actinobacteria (19.21 %), Gemmatimonadetes (12.03 %) and Chloroﬂexi (8.05
%). P fertilization increased the abundance and activity of functional degrading bacteria. Oligotrophic bacteria
tended to be replaced by copiotrophs under P fertilization treatment. A greater eﬀect was observed in the
0–20 cm layer compared to the 20–40 cm soil layer and also for 60 kg/ha P applied by row application.
Correlation redundancy analysis demonstrated pH, organic matter (OM) and available phosphorus (AP) were the
dominant contributors to the shift of bacterial community along with phosphorus fertilization strategy. P is a
major variable that regulates microbial distribution by stimulating carbon-phosphorus coupling and participating in nitrogen-phosphorus synergy action to relate bacterial, aiming to make bacteria interrelated, and
further alter carbon-phosphorus-nitrogen metabolism. Our results will further improve our understanding of
how fertilizer measures aﬀect soil quality by changing soil microbial communities in semi-arid agricultural
ecosystems.

1. Introduction
Phosphorus (P) is a key plant micro-nutrient that is essential for
growth and development. Its availability in soil is regulated by heterogeneous biochemical reactions, but its physicochemical reaction and
environmental condition also inﬂuence plant bioavailability (Wang
et al., 2016; Chen et al., 2019). Due to less than optimum bioavailability of P in soil, it is regularly applied in the forms of phosphate or
other mineral fertilizers to enhance crop yield. However, only 20 % of
applied P is absorbed by plants in the early phase, while the rest accumulates in the soil (called legacy P) (Turner et al., 2015). Many
methods have been suggested to increase the bioavailability of legacy
soil P to reduce the use of P fertilizer and stimulate the secretion of low
molecular weight organic acids and phosphatase enzymes by indigenous rhizospheric soil microorganisms and plant roots (Nash et al.,

⁎

2014; Yao et al., 2018; Guo et al., 2020).
The soil microbial community helps to improve the soil texture and
quality, and it secretes essential enzymes that regulate the release of
plant-available inorganic P from organic P in soil (Sharma et al., 2010;
Turner et al., 2015; Bei et al., 2018; Guo et al., 2020). Saha et al. (2008)
and Long et al. (2018). Microbes and enzyme activity in soil are correlated with the plant bioavailability of P applied as mineral fertilizer.
Normally, soil microbial succession is directly associated with upper
surface soil (0–20 cm) by the regulation of organic matter mineralization, essential macro- or micro-nutrients transformation and their
bioavailability to plants. Plant growth can also be directly inﬂuenced by
microbial activities and physicochemical characteristics of the soil
(Maarastawi et al., 2018). The interaction between plants and the microbial community may help to balance soil nutrient concentrations
and physicochemical properties. This interaction may inﬂuence overall
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Fig. 1. Geographical location of the experiment station.

rotation had a greater impact compared to fertilization amendment in
the formation of microbial communities. Guo et al. (2020) observed
that fertilization types and dosage had more impact than crop rotation
on rhizoplane/rhizospheric microbial communities. In the present
study, we tested the possibility that phosphate fertilizer application can
signiﬁcantly inﬂuence bacterial community succession and diversity.
We evaluated two diﬀerent fertilizer dosages and two application
modes. Previous studies have shown that crop growth phases can have a
larger eﬀect on the soil microbiome than the fertilization regime (Bei
et al., 2018; Banerjee et al., 2018; Wang et al., 2018b). The relative
abundance of bacteria (RA) and succession in wheat crop soil samples
were identiﬁed by 16S rRNA gene high-throughput sequencing. Bacterial community interactions were evaluated based on redundancy
analysis. The physicochemical factors sweeping soil microbial community and phylogenetic diversity were investigated by consolidation
with the macro-nutrient concentration of the soil samples. Variation in
soil fertility is related to the microbial community succession, which
regulates the important microbial species, plays a vital role in biogeochemical cycling and inﬂuences the soil fertility and crop productivity
(Hartmann et al., 2015; Yang et al., 2020; Guo et al., 2020).
Our objective was to identify the inﬂuence of phosphorus (P) fertilizer dosage (60 and 120 kg/ha) and application mode (row and
broadcast application) on the bacterial community distribution in a
wheat cropping system. We used quantitative polymerase chain reaction (qPCR) and Illumina-MiSeq sequencing of 16S rRNA to identify
community diﬀerences. We studied the eﬀects of fertilizer dosage and
application mode on the soil bacterial community succession in different soil layers, and we determined if physiochemical parameters
were signiﬁcantly correlated with alterations in the bacterial community structure.

bacterial succession that can inﬂuence plant growth and crop yield (She
et al., 2018; Ai et al., 2018). Indigenous soil microbial activity directly
regulates the overall crop yield and the agricultural bio-economy
(Lychuk et al., 2019). A knowledge gap currently exists regarding responses of the bacteria community to amounts of phosphate fertilizers
applied and their application mode.
Mineral fertilizer applications can substantially inﬂuence the physiology and diversity of soil microbial communities (Wang et al., 2018a,
2018b; Chen et al., 2019). Some studies have determined that the
combined application of mineral fertilizer and organic manure is more
beneﬁcial to soil microbial communities and soil fertility than the use of
mineral fertilizers alone or the absence of fertilizer treatment (Francioli
et al., 2016; Duchene et al., 2017; Cui et al., 2018). Legrand et al.
(2018) and Tian et al. (2019) reported greater bacterial abundance and
diversity in a manure treatment compared to only mineral fertilizer.
The disadvantages of soil fertilization can include changes in soil texture, sorption and reduction in the bioavailability of selected nutrients
(Wang et al., 2016; Legrand et al., 2018). Su et al. (2015) noted that an
optimum concentration of mineral fertilizer might increase the abundance of essential components of the bacterial community and their
functional genes resulting in enhanced plant growth and productivity.
Previous studies have mainly focused on crop plant growth and cultivation type (e.g., crop rotation and intercropping) that may aﬀect soil
microbial community succession (Singh et al., 2018; Tian et al., 2019).
Yang et al. (2020) observed that soil microbial abundance and diversity
changed during diﬀerent soybean growth phases. Trivedi et al. (2015)
found that crop rotation had a large eﬀect on soil microbial diversity
and fertility. The association between the soil bacterial community and
agricultural practices is variable. Bacteria typically have greater
abundance than fungi in crop rotation and intercropping practices
(Zhang et al., 2014; Ai et al., 2018; Samaddar et al., 2019).
To optimize crop production, the application mode and amount of
fertilizer used need to be identiﬁed with respect to soil bacterial diversity. Previous studies have not evaluated the combined eﬀects of
fertilization mode and application rate on soil bacteria in wheat.
However, Li et al. (2019) and Turner et al. (2015) both noted that crop

2. Materials and methods
2.1. Site location
The experiment was conducted at the Loess Plateau Eco-agriculture
2

2.2.2. Soil sample collection and analysis
Soil samples were collected at the wheat jointing stage (seedling
stage) in January. A composite sample was collected in two soil layers
(0–20 cm and 20–40 cm) using a 5 cm diameter soil drill from 16 holes
along an “S” shape at each subplot after removing soil surface litter
(Table 1). The 16 soil cores of the same layer were combined into one
soil sample. The samples were sieved through 2 mm sieve for removing
the roots and large particles, of which half were stored at −20 °C for the
3

TT120
ST60

2.2.1. Experiment design
This experiment was carried out in a 75 m × 12 m = 900 m2 area
and all treatments by using randomized complete block design. Wheat
seeds (Changhan 58) was sown with a row spacing of 20 cm and density
of 3.5 million plants/ha. To study the eﬀects of phosphate fertilizer on
the bacterial community, phosphate fertilizer was applied with row
mode below the wheat seeds 5 cm and broadcast mode with even
spread through the area at a rate of 60 and 120 kg/ha (Table 1). For
nutrient management, nitrogenous fertilizer provided by urea with a
nitrogen content of 46.4 % was applied three times (60 % in basic and
seed fertilizer, 20 % in tillering stage and 20 % in jointing stage).
Phosphorus and potassium were derived from phosphorus pentoxide
(P2O5) containing 52 % superphosphate and potassium oxide (K2O)
with 50 % potassium sulfate, which were applied one-time as basic and
seed fertilizer.

TT60

2.2. Experimental design and analysis

TP0

Table 2
Soil physicochemical properties (0-20 cm and 20-40 cm) under diﬀerent fertilizer treatments.

ST120

Experimental Station (geographical details in Fig. 1). The region comprises 35 % plateau and 65 % gully landforms and has a warm temperate sub-humid continental monsoon climate with average annual
temperature, precipitation and frost-free period of 9.1 °C, 584 mm and
171 days, respectively. There is dark loessial soil, and the parent material is medium loam Malan loess. This is a typically dry farming area
without irrigation, that mainly depends on soil water storage from
natural precipitation during the plant growth period (Cheng et al.,
2019).

0.74 ± 0.06
14.79 ± 0.18
0.66 ± 0.04
10.75 ± 0.22
88 ± 4.36
34.65 ± 1.84
3.71 ± 0.13
108.27 ± 8.04
8.44 ± 0.04

TD120
TD60
DP0

20−40 cm
20−40 cm

TN: Total nitrogen; TC: Total carbon; TP: Total phosphorus; OM: Organic matter; AK: Available potassium; AN: Available nitrogen; AP: Available phosphorus. TP0: 0-20 cm soil sample from the treatment without
phosphate fertilizer; TT60: 0-20 cm soil sample from the treatment of row application of phosphate fertilizer 60 kg/ha; ST60: 0-20 cm soil sample from the treatment of broadcast application phosphate fertilizer 60 kg/ha;
TT120: 0-20 cm soil sample from the treatment of row application of phosphate fertilizer 120 kg/ha; ST120: 0-20 cm soil sample from the treatment of broadcast application phosphate fertilizer 120 kg/ha; DP0: 20-40 cm
soil sample from the treatment without phosphate fertilizer; TD60: 20-40 cm soil sample from the treatment of row application phosphate fertilizer 60 kg/ha; SD60: 20-40 cm soil sample from the treatment of broadcast
application phosphate fertilizer 60 kg/ha; TD120: 20-40 cm soil sample from the treatment of row application phosphate fertilizer 120 kg/ha; SD120: 20-40 cm soil sample from treatment of broadcast application
phosphate fertilizer 120 kg/ha.

120
120

0.79 ± 0.10
14.04 ± 0.61
0.71 ± 0.01
10.88 ± 0.68
88.67 ± 1.53
31.21 ± 2.35
4.51 ± 0.95
109.53 ± 3.74
8.42 ± 0.03

TD120
SD120

20−40 cm
20−40 cm
20−40 cm

0.79 ± 0.10
14.52 ± 0.78
0.7 ± 0.02
10.61 ± 0.79
92.33 ± 4.51
30.13 ± 1.58
3.92 ± 0.57
108.2 ± 4.90
8.44 ± 0.03

0
60
60

0.72 ± 0.06
14.2 ± 0.27
0.68 ± 0.01
9.96 ± 0.22
87 ± 1.73
34.99 ± 0.35
2.94 ± 0.73
107.87 ± 5.14
8.44 ± 0.03

DP0
TD60
SD60

0−20 cm
0−20 cm

1.18 ± 0.08
18.82 ± 0.38
1.1 ± 0.06
16.14 ± 0.25
135 ± 9.17
47.34 ± 1.42
44.71 ± 5.10
201.13 ± 64.45
8.07 ± 0.07

120
120

1.13 ± 0.03
18.47 ± 0.57
0.95 ± 0.02
16.01 ± 0.16
135.33 ± 6.81
48.51 ± 1.20
21.31 ± 2.91
198 ± 16.09
8.07 ± 0.14

0−20 cm
0−20 cm
0−20 cm

TT120
ST120

/
Row application
Broadcast
application
Row application
Broadcast
application
/
Row application
Broadcast
application
Row application
Broadcast
application

1.1 ± 0.03
18.61 ± 0.22
0.91 ± 0.00
16.1 ± 0.09
126.33 ± 5.51
48.51 ± 4.21
19.35 ± 1.24
169.3 ± 5.26
8.18 ± 0.04

0
60
60

1.12 ± 0.11
18.54 ± 0.22
0.89 ± 0.02
15.53 ± 0.46
119 ± 8.72
45.74 ± 4.85
16.22 ± 1.23
188.17 ± 5.60
8.17 ± 0.06

TP0
TT60
ST60

1.12 ± 0.02
18.38 ± 0.44
0.38 ± 0.02
15.33 ± 0.25
124.00 ± 7.55
48.77 ± 2.62
9.55 ± 0.50
188.57 ± 10.67
8.17 ± 0.03

Soil sample in the soil
layer

TN(g/kg)
TC(g/kg)
TP(g/kg)
OM(g/kg)
AK(mg/kg)
AN(mg/kg)
AP(mg/kg)
EC (μS/cm)
pH

Fertilization pattern

SD60

Phosphate fertilizer
dosage(kg/ha)

SD120

Table 1
Fertilization managements and soil sampling. TP0: 0-20 cm soil sample from the
treatment without phosphate fertilizer; TT60: 0-20 cm soil sample from the
treatment of row application of phosphate fertilizer 60 kg/ha; ST60: 0-20 cm
soil sample from the treatment of broadcast application phosphate fertilizer
60 kg/ha; TT120: 0-20 cm soil sample from the treatment of row application of
phosphate fertilizer 120 kg/ha; ST120: 0-20 cm soil sample from the treatment
of broadcast application phosphate fertilizer 120 kg/ha; DP0: 20-40 cm soil
sample from the treatment without phosphate fertilizer; TD60: 20-40 cm soil
sample from the treatment of row application phosphate fertilizer 60 kg/ha;
SD60: 20-40 cm soil sample from the treatment of broadcast application
phosphate fertilizer 60 kg/ha; TD120: 20-40 cm soil sample from the treatment
of row application phosphate fertilizer 120 kg/ha; SD120: 20-40 cm soil sample
from the treatment of broadcast application phosphate fertilizer 120 kg/ha.

0.8 ± 0.02
14.67 ± 0.18
0.68 ± 0.03
10.61 ± 0.17
97.67 ± 2.52
38.63 ± 2.59
4.83 ± 0.44
118.4 ± 14.73
8.39 ± 0.04
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Fig. 2. Statistical analysis and phylum relative abundance layout in all samples: Tags and OTUs number in diﬀerent treatments and soil layers. TP0: 0-20 cm soil
sample from the treatment without phosphate fertilizer, TP0.1,TP0.2 and TP0.3 were repetition; TT60: 0-20 cm soil sample from the treatment of row application of
phosphate fertilizer 60 kg/ha, TT60.1, TT60.2 and TT60.3 were repetition; ST60: 0-20 cm soil sample from the treatment of broadcast application phosphate fertilizer
60 kg/ha, ST60.1, ST60.2 and ST60.3 were repetition; TT120: 0-20 cm soil sample from the treatment of row application of phosphate fertilizer 120 kg/ha, TT120.1,
TT120.2 and TT120.3 were repetition; ST120: 0-20 cm soil sample from the treatment of broadcast application phosphate fertilizer 120 kg/ha, ST120.1, ST120.2 and
ST120.3 were repetition; DP0: 20-40 cm soil sample from the treatment without phosphate fertilizer; TD60: 20-40 cm soil sample from the treatment of row
application phosphate fertilizer 60 kg/ha; SD60: 20-40 cm soil sample from the treatment of broadcast application phosphate fertilizer 60 kg/ha; TD120: 20-40 cm
soil sample from the treatment of row application phosphate fertilizer 120 kg/ha; SD120: 20-40 cm soil sample from the treatment of broadcast application phosphate
fertilizer 120 kg/ha.

AlphaD = |(Rhialpha − Bulk alpha) |

identiﬁcation of microbiological components, and the other half were
naturally air-dried for later physical-chemical analysis. Three repeated
tests were performed for each sample. However, based on the previous
some ﬁndings (Cheng et al., 2019), there were no signiﬁcant eﬀects of
phosphate fertilizer on the 20–40 cm samples, so the three samples
were mixed into one sample for determination and comparison with the
0–20 cm soil samples. Soil pH and electrical conductivity (EC) were
measured by a pH meter (INESA PHSJ-3 F, China) and an EC meter
(INESA DDS-307, China) after shaking a soil-water (1:2.5, w/v) suspension for 30 min. Soil total carbon (TC) and total nitrogen (TN) as
well as available nitrogen (AN) and available potassium (AK) were
determined by a VARIO MACRO cube-element analyzer (Shimadzu,
Japan). Total phosphorus (TP) and available phosphorus (Olsen-P/AP)
were analyzed by a UV2450 ultraviolet spectrophotometer (Shimadzu,
Japan), and organic matter (OM) was determined using the methods of
Kuo (1996) and Leytem and Mikkelsen (2005). The physicochemical
characteristics of each treatment soil are shown in Table 2.

(1)

(2) Diﬀerences of microbial beta diversity:

BetaD = ((RhiNMDS1 − BulkNMDS1)2 + (RhiNMDS2 − BulkNMDS2)2)0.5.

(2)

(3) Diﬀerences of microbial-dominant phyla:

PhylaD = Rhiphyla − Bulkphylm.

(3)

Partial least squares path modeling (PLS-PM) was used to identify
environmental factors that showed a greater inﬂuence on the microbial
diversity, and select physicochemical parameters (Li et al., 2014). The
observed variable was explained by the latent variables including microbial diversity and physicochemical factors through PLS-PM analysis.
In the PLS-PM, the path coeﬃcients represented the directions and
strength of linear relationships among latent variables, and the explained variability (R2) was also estimated.

2.3. DNA extraction and data analysis

2.4. Statistical analysis

The DNA extraction and ampliﬁcation were performed using the
methods described by Zhang et al. (2015). The quality was evaluated by
a nano-spectrophotometer (Nano-Drop2000, Thermo Scientiﬁc, Wilmington, DE, USA). The universal primers 515 F (5′-GTGCCAGCMGC
CGCGG-3′) and 907R (5′-CCGTC AATTCMTTTRAGTTT-3′) were used
for qPCR (Fierer et al., 2007). Ultimately, a suﬃcient quantity of PCR
products of respective soil samples was sent out for sequencing using
the Illumina MiSeq platform at Novagene Biotechnology Co., Ltd.
(Tianjin, China). The Shannon index was used to reﬂect microbial alpha
diversity. We generated a non-metrical multidimensional scaling
(NMDS) plot employed with unweighted UniFrac distance to identify
the clustering of each sample and further suggest the microbial beta
diversity (NMDS1 and NMDS2). To reveal microbial diversity diﬀerences between wheat inter-row soil (0–20 and 20–40 cm) under fertilization practices, we used the following formant for microbial diversity
(alpha and beta) and dominant phyla.

All the experiments were conducted in three replications. The variance analysis was performed by (ANOVA), and signiﬁcant diﬀerences
among the means were identiﬁed by Tukey’s test (p < 0.05) using
Graph Pad Prism software (version 5.0). The redundancy analysis
(RDA) was applied to determine the correlation among microbial phyla
and environmental variables.
3. Results and discussion
3.1. Eﬀect of phosphorus fertilizer patterns on taxon and microbial
community structure
The taxon responses to fertilizer doses and application mode are
shown in Fig. 2. In the 0–20 cm soil layer, the operational taxonomic
units (OTUs) were identiﬁed with 2582, 2508, 2590, 2528 and 2562 as
well as total reads of 76297, 71390, 80129, 75805 and 73283, taxon
reads of 46108, 42783, 48603, 44534 and 46494 as well as unique
reads of 30189, 28607, 31526, 31272 and 26789 from TP0, TT60, ST60

(1) Diﬀerences of microbial alpha diversity:
4
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Fig. 3. Relative abundance of the dominant bacterial taxonomic groups (a) Histogram of relative abundance of dominant bacterial at phylum level (b) Weighted
pairwise method for the arithmetic mean clustering tree based on weighted unifrac distance in all samples; and (c) Unweighted pairwise method for the arithmetic
mean clustering tree based on unweighted unifrac distance in all samples.

modes. At the same time, the bacterial diversity in broadcast application was richer than those in row application for 0–20 cm soil while
opposite in 20–40 cm soil. The alteration trend of decreased bacterial
diversity in P-fertilized treatments compared with control at 0–20 cm
soil might indicate that the P fertilizer limited the proliferation of all
microorganisms and contributed for unique superior bacteria that were
attributed by P application, and those bacteria with stronger competitive ability were predominate at the micro-ecological environment
(Zhang et al., 2016; Chen et al., 2018).

to TT120 and ST120, respectively. Relatively lower values were found
in the 20–40 cm soil layer with OTUs of 2082, 2422, 2036, 2331 and
2232, total reads of 55684, 80214, 61177, 80179 and 51942, taxon
reads of 33382, 47113, 37484, 53520 and 30437, and unique reads of
22302, 33101, 23693, 26659 and 21505 obtained from DP0, TD60,
SD60 to TD120 and SD120, respectively. The bacterial diversity increased with the amount of P fertilizer for row application and decreased for broadcast application in 0–20 cm soil, while a decreasing
trend was observed in the 20–40 cm soil layer for both application
5
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ST120. Among them, Proteobacteria and Bacteroidetes, as primary consumers, were enriched in high carbon availability conditions, and
Acidobacteria and Actinobacteria had little change under diﬀerent P
fertilizer levels and application modes but were more likely to exist in
the nutrient-poor conditions of 20–40 cm soil (Fanin et al., 2015;
Trabelsi et al., 2017; Samaddar et al., 2019). The RA of Bacteroidetes
and Gammaproteobacteria was enriched in high P fertilization treatments, and Actinobacteria and Alphaproteobacteria were richer at lower P
fertilization levels. This was consistent with Wang et al. (2018a), 2018b
who reported that Proteobacteria were copiotrophic bacteria and plentiful in soil with suﬃcient P. Acidobacteria and Chloroﬂexi were generally identiﬁed as oligotrophic bacteria. They were rich in 20–40 cm
soil of the SD60 and SD120 treatments indicating lower available nutrients (Ai et al., 2018). Alphaproteobacteria, as the largest portion in
Proteobacteria, and Gammaproteobacteria were related to nitrogen ﬁxation by eﬀective nitriﬁcation (Zhao et al., 2016). Bacillus is commonly
known as an eﬀective phosphate solubilizer as well as being able to
accelerate the carbon and phosphorous cycle by possessing b-propeller
phytase genes (Ikoyi et al., 2018; Bi et al., 2020). In brief, oligotrophic
bacteria were replaced by copiotrophic bacteria when soil richness was
increased by appropriate rates of P fertilizer applied using an optimal
application mode.

The relative abundance at the phylum level and a clustering tree
based on weighted and unweighted unifrac distance are illustrated in
Fig. 3. The predominant phyla included Proteobacteria, Bacteroidetes,
Acidobacteria, Actinobacteria, Gemmatimonadetes and Chloroﬂexi. Among
these, Proteobacteria and Bacteroidetes were copiotrophic bacteria that
can degrade complex organic ingredients and were common in higher
mineralization rate soils (Li et al., 2014; Guo et al., 2020). The relative
abundance was enriched in TT60 compared with TP0 and ST60, and
decreased with an increase of fertilizer dosage for both fertilization
modes in 0–20 cm soil layer. A lower abundance but similar trend was
observed in the 20–40 cm soil layer of all treatments. The Acidobacteria
were oligotrophic bacteria that were extremely susceptible to nutrient
availability. The RA of Acidobacteria was similar among the 0–20 cm
treatments and slightly increased in the 20–40 cm soil layer (Ling et al.,
2017). The RA of Actinobacteria was increased with the increase of P
fertilizer dosage and similarly in diﬀerent modes in 0–20 cm soil and
especially richness in TD60 and TD120 that inconsistent with the research of Tang et al. (2016), who reported that the Actinobacteria
community could be altered by P fertilization. Chloroﬂexi were important organic material decomposers, and Gemmatimonadetes was able
to adjust carbon and nitrogen to adapt to diﬀerent metabolic environments (Guo et al., 2020; Yao et al., 2020). The RA of Gemmatimonadetes
and Chloroﬂexi was similar in 0–20 cm soil layer among all treatments
but relatively higher in the 20–40 cm soil layer, which showed that
oligotrophic bacteria were dominant and preferred low nutrient availability environments (Li et al., 2014). The alteration of relative abundance of dominant bacteria might be caused by agricultural practices
involving the quantity and mode of P fertilization, enhancing the soil
nutrient inputs to copiotrophic bacteria and suppressing the metabolism of oligotrophic bacteria.

3.3. Phylogenetic tree
To study genus-level phylogenetic relationships, representative sequences of the top 100 genera were obtained through multiple sequence alignment and are presented in Fig. 6. Proteobacteria was the
most abundant phylum, which was in line with above text during
practice of mode or fertilizer dosages suggested the conversion to copiotrophic bacteria under P fertilization. Sphingomonas, Lysobacter,
Dongia, Halianglum and Nordella were rich in all treatments in both soil
layers. Bacteroidetes was enriched in Pedobacter, Terrimonas, Flavisolibacter, Pontibacter and Adhaeribacter in 0–20 cm soil. Actinobacteria was
composed of Gaiella, Arthrobacter, Solirubrobscter, Nocardioides and
Rubrobacter in all treatments. Candidatus_Nitrososphaera was abundant
in SD60 and TD60. Firmicutes comprised Bacillus, Paenibacillus, Faecalibacterium, Blautia, Acidobacteria, Bryobacter and Stenotrophobacter.
Bacillus and Paenibacillus have the capability to degrade phytate and
contribute to organic P mobilization (Ikoyi et al., 2018). Nocardioides
and Terracoccus have P accumulation ability that might enhance the
ability of plants to absorb phosphate (Samaddar et al., 2019; Bi et al.,
2020). Cyanobacteria is an active nitrogen-ﬁxing bacteria and responsible for improved plant productivity. Nitrosomonadaceae is associated with the transformation of ammonium to nitrate, and Gammaproteobacteria contributes to organic material degradation (Ai et al.,
2018).
Thus, we identiﬁed distinct distributions of dominant bacterial
communities under both soil layers, and they are associated with the
diﬀerent P fertilization treatments. Li et al. (2019) also proposed that
the keystone microbial distribution was dependent on the fertilization
management strategy. However, Shi et al. (2012) pointed out that microbial community composition was independent of phosphate management and best explained by changes of organic matter content. The
present study found that the alteration of organic matter and phosphate
availability as well as the bacterial community were both inﬂuenced
under diﬀerent fertilization strategies. This demonstrated the sensitivity
responses of the bacterial communities to the phosphorus strategy.

3.2. Composition of bacterial community-based gene level
The diﬀerences in the distribution of bacterial communities under
distinct fertilization strategies-based dosages and mode (Figs. 4 and 5)
illustrated the composition of abundant bacteria in each treatment. The
classiﬁcation tree (genera of the top 10 relative abundance) showed
that Proteobacteria accounted for 48.69 % with 32.65 % Alphaproteobacteria and 16.04 % Gammaproteobacteria, richness of 21.95 % Sphingomonas and 10.70 % Dongia, 10.48 % Lysobacter and 5.56 % Massilia.
Bacteroidetes comprised 20.67 % with 3.39 % Flavisolibacter, 4.92 %
Adhaeribacter, 4.91 % Pontibacter and 7.45 % Pedobacter. Acidobacteria
accounted for 23.11 %, and the most abundant species were Acidobacteria_bacterium_RBG_16_70_10
(2.93
%)
and
uncultivated_soil_bacterium_clone_C112 (1.66 %). In addition, Actinobacteria
accounted for 7.54 % and was dominated by Gaiella (Fig. 4).
As demonstrated in the heat map of each treatment, the most
abundant bacteria were Acidobacteria and Bacteroidetes and
unidentiﬁed_Gyanobacteria in TP0. The 0–20 cm soil and 60 kg/ha P
fertilizer treatment of TT60 was rich in Bacteroidetes with the degrading
bacteria Terrimonas and Pedobacter. ST60 was mainly enriched in
unidentiﬁed_Nostocales, Flavobacterium, Flavitalea and rhizosphere promoters Flavisolibacter. The P fertilizer level of 120 kg/ha treatment
TT120 was rich in Macellibacteroides. ST120 was dominated by
Paenibacillus, Massilia, Nibribacter and Macelibacteroides. In the
20–40 cm soil P fertilizer treatments, the abundant genes were not
signiﬁcant in DP0, while TD60 was rich in Solirubrobacter and
Haliangium, and SD60 had abundant Dongia, Candidatus,_Nitrososphaera
and unidentiﬁed_Chloroﬂexi. Abundant genes in TD120 comprised
Faecalibacterium, Bacillus and Bacteroides, while SD120 was predominated by Pantoea and Haliangium (Fig. 5).
Therefore, we found that an altered metabolic environment caused
by the application of P fertilizer can shift the microbial community
toward copiotrophic groups. Suitable nutrient content and fertilization
mode were more likely to be favored by fast-growing bacteria such as
Bacteroides and Gammaproteobacteria as well as richest in TT60 and

3.4. Alpha and beta diversity
To identify if the P fertilization dosage and mode were correlated
with bacterial community alteration, we proﬁled the divergence in
richness and diversity of the bacterial population in each sample using
alpha and beta analysis. Beta diversity analysis was based on non-metric multi-dimensional scaling and principal component analysis (Fig.
6
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Fig. 4. Relative abundance expressed by percentage and classiﬁcation tree of complex samples in all treatments. A diﬀerent color of circle fan means diﬀerent
treatments and microbes; the numbers below the classiﬁcation name indicate the average percentage of relative abundance on this classiﬁcation level in all samples.

application modes, the divergence diﬀerence between TT120 and
ST120 was 0.109–0.340, and the diﬀerence between TT60 and ST60
was 0.099–0.173. For the same P application modes and diﬀerent dosages, divergence was 0.107–0.160 for TT120 and TT60, and
0.098–0.249 for ST120 and ST60 (Fig. S1). Therefore, there was a clear
aggregation of bacterial community under distinct P application

S2) as well as heat-map in all treatments (Fig. 7c). The bacterial communities of ST120 with TT60 were gathered. TT120 and ST60 clustered
into one group. TD60 closed with SD60, while it was distinct and quite
distinct for TD120 and SD120 (Fig. S2). The bacterial community was
diﬀerent from 0.317 to 0.554 for 0–20 cm samples and 0.112 to 0.207
for the 20–40 cm layer. At the same fertilization amount but distinct
7

Industrial Crops & Products 155 (2020) 112761

H. Cheng, et al.

Fig. 5. Clustering heat-map of species abundance; the genus classiﬁcation position clustering (horizontal) and top 35 genera sample clustering (vertical clustering).
Diﬀerent color means a diﬀerent relative abundance of the genus in all ten treatments.

bacterial community were related to the P fertilizer strategy. There was
a great inﬂuence of fertilizer dosage and application mode.

patterns, and greater diﬀerences occurred in 0–20 cm soil compared to
20–40 cm soil.
Alpha-diversity was determined based on rarefaction and rank
abundance curves in diﬀerent treatments (Fig. 7) as well as species
accumulation boxplots (Fig. S2). A ﬂat curve indicated a suﬃcient
sample and reasonable amount of data. The bacterial community had
greatest richness and uniformity in ST120 and ST60, followed by TP0,
TT120 and TT60 for 0–20 cm soil, while TD60, TD120, SD120 to DP0
and SD60 in the 20–40 cm soil layer (Fig. 7a). Anosim analysis also
showed that ST120 and ST60 had signiﬁcant diﬀerences (R = 0.037,
P = 0.05) (Fig. S1c). ST120 and TT60 were signiﬁcantly diﬀerent from
other treatments and linear discriminant analysis (LDA) eﬀect size
analysis based evolutionary branch graph, and LDA value distribution
histogram also demonstrated uniqueness (Fig. S3). Burkholderiaceae,
Hymenobacteraceae and Massilia were highly eﬀective in dissolving
phosphorus consistent with Alori et al. (2017). Sphingobacteriaceae was
richest in TT60 consistent with Ikoyi et al. (2018). The similarities and
diﬀerences of the bacterial community were mainly attributed to the
fertilizer strategy, which was also conﬁrmed by Chen et al. (2018) who
identiﬁed P availability as the main variable aﬀecting the rhizosphere
bacterial community through carbon-phosphorus-nitrogen synergy action. Trabelsi et al. (2017) found that the application of phosphate
nutrition stimulated bacterial metabolism and especially mycorrhizal
promoter bacteria. Wang et al. (2016) and Samaddar et al. (2019)
showed that the application of phosphorus was eﬀective for improving
P availability by altering functional microbial metabolism. Wang et al.
(2018a), 2018b reported that the fertilizer regime was the major factor
aﬀecting microbial growth rather than available P. The present study
demonstrated that the unique composition and distribution of the

3.5. Correlation between soil properties and bacterial community
Redundancy analysis (RDA) was performed to determine the association among the response in soil environmental variables and relative
abundance of the bacterial community (Fig. S4). RDA showed that the
bacterial community was aﬀected by distinct environmental factors
(the explanatory variables accounted for 75.5 %) including Olsen-P, pH,
OM, TK, TC, TN, TP, AK and AN contributed by the fertilization strategy
including P input amount and modes. Signiﬁcant correlations were
identiﬁed between the predominant phyla (Proteobacteria, Bacteroidete
and Acidobacteria) and soil properties. AP was closely correlated with
Gemmatimonadales, Chloroﬂexi and Bacteroidales. Proteobacteria and
Bacteroidetes were positively correlated with OM and TP, AP, TC, AN as
well as AK. Actinobacteria was negatively correlated with TC and TN as
well as positively correlated with pH (Chen et al., 2019). The pH was
strongly related to Acidobacteria, Thaumarchaeota and Actinobacteria.
Chen et al. (2018) proposed that pH regulated phosphorus eﬃciency by
altering microbial distribution. Li et al. (2014) and Zhao et al. (2016)
showed that Alphaproteobacteria was positively associated with AN, AP
and AK and negatively related to TN, TP and pH. Wang et al. (2017)
reported that phosphorus application stimulated and enhanced the
generation of DOC by increasing Olsen-P. The increased DOC accelerated the mineralization rate and accumulation of organic carbon.
Among all of the environmental parameters, TP and AP were the most
remarkably variables, which presented positive relation to dominant
bacterial community in the phosphorus fertilizer strategy. The pH, OM
8
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Fig. 6. Phylogenetic tree constructed using the representative sequence of the horizontal species: the color of the branch and the fan shape indicate its corresponding
phylum and abundance, genes layout on diﬀerent classiﬁcation levels, and the stacked column chart outside the fan ring indicates the abundance distribution
information of the genus in diﬀerent treatments.

4. Conclusions

and AP were major contributors to the bacterial community shifts associated with the fertilization strategy. Phosphorus fertilization increased the abundance and activity of functional degrading bacteria.
Phosphorus-related increases in Alphaproteobacteria, Betaprobacteria
and Bacteroidete, Acidobacteria occurred in all treatments, while the RA
varied in the diﬀerent fertilization dosages and application modes
(Chen et al., 2018; Samaddar et al., 2019). The RA of Bacteroidete and
Proteobacteria had a remarkable richness in TT60 revealing that these
two dominant bacterial had greater sensitivity to P fertilizer. In contrast, the RA of Acidobacteria was similar in all treatments revealing
lower sensitivity to P fertilization. Therefore, the distribution of the
bacterial community strongly responded to environmental variables
and constituted a distinctive ecological niche (Wang et al., 2016,
2018b). The carbon (C), nitrogen (N), and P metabolism cycles contributed to the bacterial community distribution. Application of P fertilizer altered the soil microenvironment eﬀects on microbial metabolism by adjusting pH, carbon and nitrogen, which aﬀected the
ecological niche. P as a major variable regulating microbial composition and moderate phosphorus application can improve bacterial
carbon-phosphorus coupling and promote the C and P metabolism cycle
as well as participate in nitrogen and phosphorus synergy action.
Identifying the eﬀects of fertilization strategy on microbial metabolism
can help promote the application of suitable fertilization measures in
actual production situations.

Diﬀerences of dominant bacterial community distribution and diversity in 0–20 cm and 20–40 cm soil demonstrated that the P fertilizer
strategy has a great inﬂuence on the bacterial community distribution
in wheat farmland. The superior phyla were Proteobacteria, Bacteroidetes
and Acidobacteria. Bacterial diversity was decreased in P fertilized
treatments in 0–20 cm soil, and this was attributed to the increase of
unique superior bacteria with stronger competitive ability. Notably,
Bacteroidetes and Proteobacteria were sensitive to P fertilization, and
their relative abundance was remarkably richer in P-treated soil. The
relative abundance of Acidobacteria was less in all of the treatments.
Thus, alteration of soil nutrient P was conductive to copiotrophic bacteria, and it suppressed the proliferation of oligotrophs. Greater bacterial aggregations occurred in the 0–20 cm soil layer, and the greatest
aggregation was in the TT60 treatment. The alterations of microbial
diversity and composition diﬀered with the amount and mode of
phosphorus fertilization in both soil layers. This conﬁrmed the complexity of microbial activity involved in the metabolic transformation of
carbon, nitrogen and phosphorus by adjusting physical chemical indicators such as pH, OM, TP and AP. Among these, pH, OM and AP were
the major contributors to alterations of the bacterial community.
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Fig. 7. Alpha-diversity analysis of (a) Rarefaction curve in all treatments and (b) rank abundance curve in diﬀerent treatments; Beta-diversity analysis of (c) Heatmap of β-diversity in all treatments by weighted and unweighted unifrac distance.
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