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ABSTRACT
The impact of short-term nitrogen fertilizer input on the structure and diversity of
peanut rhizosphere microbiota (RM) at different growth stages (GSs) was explored in
the southern paddy soil planting environment. Three levels of nitrogen were applied
in the field: control (LN, 0 kg/hm2), medium nitrogen (MN, 55.68 kg/hm2), and high
nitrogen (HN, 111.36 kg/hm2). The rhizosphere soil was collected during four GSs
for high-throughput sequencing and chemical properties analysis. The effect of
nitrogen fertilizer application on peanut RM was minimal and was obvious only at
the seedling stage. In the four peanut GSs, a significant increase in relative abundance
was observed for only one operational taxonomic unit (OTU) of Nitrospira under
HN conditions at the seedling stage and mature stage, while there was no consistent
change in other OTUs. The difference in RM among different peanut GSs was greater
than that caused by the amount of nitrogen fertilizer. This may be due to the
substantial differences in soil chemical properties (especially alkali-hydrolyzable
nitrogen, pH, and available potassium or total potassium) among peanut GSs, as
these significantly affected the RM structure. These results are of great value to
facilitate deeper understanding of the effect of nitrogen fertilizer on peanut RM
structure.
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INTRODUCTION
Nitrogen, one of the major elements required by plants, is an important component of
nucleotides, proteins, phospholipids, and some plant hormones. N2 in its inert form
cannot be absorbed and utilized by plants, so nitrogen usually becomes a restrictive
nutrient element for plant growth (Moreau et al., 2019). The nitrogen fertilizer most widely
used in agriculture is urea. Amide nitrogen is transformed into ammonium nitrogen by the
action of soil urease. After absorption by plants, ammonium nitrogen is assimilated into
glutamate and glutamine by the action of glutamate synthase and glutamine synthase, and
then further transformed into aspartate and asparagine. Finally, various amino acids are
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formed during plant growth and development (Lea, Robinson & Stewart, 1990;Okumoto &
Pilot, 2011; Hildebrandt et al., 2015).

Rhizosphere microbiota (RM) is an important medium for material exchange between
plants and soil. The number of microorganisms in rhizosphere soil is several to dozens of times
higher than that in non-rhizosphere soil (Zamioudis & Pieterse, 2012). The composition of
plant RM is affected by many biological and abiotic factors. Different soil types and their
physical and chemical properties macroscopically affect RM (Walters et al., 2018). Soil pH,
water content, carbon nitrogen ratio (C/N), nutrient content, and soil fertility are correlated
with specific RMs (George et al., 2006; Rousk et al., 2010; Philippot et al., 2013). The species,
growth stage (GS), and genotype of plants determine which microorganisms can enrich
in RM (Xu et al., 2009; Bouffaud et al., 2014; Pérez-Jaramillo, Mendes & Raaijmakers,
2015). For example, the RM composition of low-starch and high-starch genotype potatoes
is very different. The RM of low-starch genotype potato includes significantly higher
relative abundances of Sphingobium, Pseudomonas, Acinetobacter, Stenotrophomonas, and
Chryseobacterium than that of high-starch genotype potato (Marques et al., 2014). A study
on the RM of maize showed that the relative abundances of Massilia, Flavobacterium,
and Arenimonas were highest in the early GS, while the relative abundances of
Burkholderia, Ralstonia, Sphingobium, Bradyrhizobium, and Variovorax were highest in
the late GS (Li et al., 2014). Moreover, plant root exudates such as amino acids, sugars, fatty
acids, vitamins, growth hormones, and organic acids are also used as chemical inducers
to attract rhizobia, improve the expression of nod genes, and increase nodulation
(Hassan & Mathesius, 2012).

Peanut (Arachis hypogaea) is an annual leguminous herb with an annual output of more
than 3 × 107 kg and is rich in a variety of amino acids, vitamins, and large amounts of fat
and protein. Peanuts are believed to promote cell development, improve intelligence,
prevent premature senility, prevent cardiovascular and cerebrovascular diseases, and have
anticoagulant and anti-aging functions (Arya, Salve & Chauhan, 2016; Toomer, 2018).
Therefore, peanut has become one of the four largest oil crops worldwide (Arya, Salve &
Chauhan, 2016). As a legume, the yield and quality of peanuts are closely related to
nitrogen fertilizer application and RM. Although our previous study showed that nitrogen
fertilizer application significantly improved the yield and oleic acid and linoleic acid
contents of peanuts (Yang et al., 2021), the impact of nitrogen fertilizer application on the
composition of peanut RM and the GS of this impact have not been fully described.
To further elucidate the effect of nitrogen fertilizer application on the composition of
peanut RM, and the GS of the effect, we analyzed the composition of peanut RM at
different GSs using high-throughput sequencing.

MATERIALS AND METHODS
Brief description of experimental site
The experimental site was located at the Yunyuan Base of Hunan Agricultural University
(27�11′ N, 113�4′ E) at an altitude of 50 m. The area has a subtropical monsoon climate,
with an annual average temperature of 17.2 �C, and an average annual precipitation of
1,361.6 mm.
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The experimental soil was paddy soil developed fromQuaternary red soil. The pH of the
soil was approximately 6.0. The levels of organic matter, total nitrogen (TN), total
phosphorus (TP), total potassium (TK), alkali-hydrolyzable nitrogen (AN), available
phosphorus (AP), and available potassium (AK) in the soil were 19.45, 1.35, 1.12, 29.16,
0.13, 0.07, and 0.26 g/kg, respectively.

Experimental design
To test the effect of nitrogen fertilizer amount on peanut RM, three nitrogen levels: no
nitrogen (LN), medium nitrogen (MN, 55.68 kg/hm2 ), and high nitrogen (HN,
111.36 kg/hm2 ), were applied with 31.42 kg/hm2 of phosphate fertilizer (calculated as P) and
142.45 kg/hm2 of potassium fertilizer (calculated as K) 2 days before sowing. The tested
fertilizers were urea (nitrogen ≥ 464 g/kg), calciummagnesium phosphate (P2O5 ≥ 120 g/kg),
and potassium sulfate (K2O ≥ 520 g/kg, Cl ≤ 15 g/kg, S ≥ 175 g/kg). After ridging, fertilizer
was evenly sprinkled on the ridge and turned into the 0–20 cm depth soil layer.

Three replicates of each nitrogen application level were arranged randomly (Fig. 1A).
Each experimental subarea was 5 × 4 m (Fig. 1A). There were five ridges in each
experimental subarea. The ridge width and height were 80 and 12 cm, respectively.
Row spacing of the ridge was 25 cm. The plant spacing was 11 cm, and the theoretical
density was 227,280 plants/hm2.

The tested peanut was the big peanut variety Jihua 16 with a high oleic acid content
(80.1%), which was purchased from the Institute of Grain and Oil Crops, Hebei Academy
of Agricultural and Forestry Sciences. The peanuts were sown on April 28 and harvested
on September 2, 2019.

Sample collection
At the seedling stage (SS, 38 days after sowing), flower peg stage (FPS, 70 days after
sowing), pod setting stage (PSS, 95 days after sowing), and mature stage (MS, 120 days
after sowing; Figs. 1B–1D), six peanut plants in each subarea in the normal growth area
without missing seedlings were randomly selected and dug up and large pieces of soil
on the root surface were shaken off. Then the rhizosphere soil of peanut plants was
collected into plastic bags, mixed well, and taken back to the laboratory for determination
of soil physical and chemical properties.

The rhizosphere soil of peanut plants was also collected into sterile plastic bags, mixed
well, quick-frozen in liquid nitrogen, and then stored at −80 �C until microbiota DNA
extraction.

Chemical analysis
The sample solution was prepared according to a water–soil ratio of 1:2.5, and the soil pH
was measured using a pH meter. The soil TN content was measured using a DigiPREP
TKN system (SCP, Vaughan, Canada). The soil TP content was determined using NaOH
melting-molybdenum antimony colorimetry (Jin et al., 2020). The soil melt was
prepared by melting with NaOH and then diluted, and the soil TK content was determined
using a flame photometer (Stanford & English, 1949; Blanchet et al., 2017). The soil AN
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content was determined as previously described (Chen et al., 2016). The soil AP content
was extracted with ammonium fluoride and hydrochloric acid and measured using a
vis-spectrophotometer according to a previously described method (Huang, Zhou & Liu,
2012). The soil AK content was determined using a previously described method (Officer,
Tillman & Palmer, 2006; He et al., 2015; Li et al., 2018). The soil exchangeable calcium
(ECa) content was extracted using ammonium acetate and quantified by atomic
absorption spectrophotometry (David, 1960; Messmer, Elsenbeer & Wilcke, 2014).

Determination of rhizosphere microbiota structure
Rhizosphere soil microbiota DNA was extracted using the NucleoSpin Soil Kit
(Macherey-Nagel, Düren, Germany). The concentration and quality of DNA were
examined using a NanoDrop spectrophotometer (Thermo Fisher Scientific, Waltham,
MA, USA) and 1.8% agarose gel electrophoresis, respectively. The hypervariable region
V3–V4 of the bacterial 16S rRNA gene was amplified using bacterial universal primers
338F and 806R, as previously described (Zhu et al., 2021). Briefly, polymerase chain
reactions (PCRs) were performed with a 10-mL reaction mix containing 1 × KOD FX Neo
Buffer, 0.2 mL KOD FX Neo (1.0 U/mL), 0.4 mM of each deoxynucleoside triphosphate,
0.3 mM of each primer, and 50 ng of microbial genomic DNA. The thermal cycling
procedure consisted of an initial pre-denaturation step at 95 �C for 10 min, followed by
25 cycles of 95 �C for 30 s, 50 �C for 30 s, and 72 �C for 40 s, and a final extension at 72 �C

Figure 1 Distribution diagram of each subgroup of samples (A), and photo of mature peanut from
each treatment (B–D). (B) Low nitrogen application (LH, no nitrogen); (C) middle nitrogen application
(MN, 55.68 kg/hm2 N); (D) high nitrogen application (HN, 111.36 kg/hm2 N).

Full-size DOI: 10.7717/peerj.13962/fig-1
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for 7 min. The amplified products were detected by 1.8% agarose gel electrophoresis,
mixed at a mass ratio of 1:1, purified using a DNA gel extraction kit (Monarch, Shanghai,
China), and sequenced on a HiSeq 2500 sequencing platform (Illumina, San Diego, CA,
USA) by Beijing BioMarker Technologies (Beijing, China), as previously described (Ni
et al., 2019; Zhu et al., 2021).

Raw reads were merged using FLASH v1.2.11 software (Magoč & Salzberg, 2011) with a
minimum overlap length of 10 bp, and a maximum permitted mismatch ratio of 0.2 in the
overlap. The merged sequences with lengths less than 75% were filtered out using
Trimmomatic version 0.33, and chimera sequences were removed using UCHIME version
8.1 (http://drive5.com/uchime/uchime_download.html). The remaining high-quality
sequences were clustered into OTUs with 97% identity using USEARCH version 10.0
(https://drive5.com/usearch/). The OTUs were then phylogenetically annotated using the
RDP classifier (Wang et al., 2007) with the SILVA version 122 database (https://www.arb-
silva.de/). For alpha- and beta-diversity analyses, all samples were randomly resampled
with the same number of sequences to exclude the effect of sequencing depth on the
results. The alpha-diversity indices, including Chao1 and ACE indices to measure species
abundance and the Shannon index to measure species diversity, were calculated using
mothur v.1.30 (https://mothur.org/).

Data analysis
Principal components analysis (PCA), redundancy analysis (RDA), and partial RDA were
performed using the vegan package in R 4.2.0 (https://www.r-project.org/). The heatmap
was drawn using the pheatmap package in R 4.2.0. Kruskal-Wallis rank sum test was
performed and boxplots were drawn using the ggpubr package in R 4.2.0. The Galaxy
platform (http://huttenhower.sph.harvard.edu/galaxy) was used to conduct the linear
discriminant analysis effect size (LEfSe). Pearson correlation coefficients and bubble charts
between environmental factors and rhizosphere microorganisms were calculated and
drawn using the psych and reshape2 packages in R 4.2.0. Co-occurrence network analysis,
based on Pearson correlation coefficients of the 82 OTUs with the highest abundances
that could be identified to genus level, was performed using the igraph and psych packages
in R 4.2.0. Statistical significance was set at p < 0.05.

RESULTS
Changes in soil chemical properties during peanut growth
During the experiment, although TN and TP in rhizosphere soil fluctuated, different levels
of nitrogen fertilizer application did not significantly change the TN and TP at the same
peanut GS (Kruskal-Wallis rank sum test, χ2 = 18.32, p = 0.074 for TN; χ2 = 11.57,
p = 0.397 for TP; Figs. 2A and 2C). However, AN decreased in HN comparing with LN and
MN, and this was significant at the SS and PSS (Kruskal-Wallis rank sum test, χ2 = 29.51,
p = 0.002; Fig. 2B and Table S1). At the FPS, AP in peanut rhizosphere soil decreased
first and then increased with increasing amount of nitrogen fertilizer (Kruskal-Wallis rank
sum test, χ2 = 21.76, p = 0.026; Fig. 2D and Table S1). The change trends of TK and
AK in the rhizosphere soil were almost identical, except that there were significant
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differences in AK in the SS with different amounts of nitrogen fertilizer application
(Kruskal-Wallis rank sum test, χ2 = 30.06, p = 0.002 for TK; χ2 = 29.93, p = 0.002 for AK;
Figs. 2E and 2F). TK and AK first decreased and then increased with increasing
nitrogen fertilizer amount (Figs. 2E and 2F). Furthermore, from the SS to the PSS, the
contents of TK and AK in the soil of the three groups showed a gradual downward trend
(Figs. 2E and 2F).

The pH of the rhizosphere soil also showed a similar change trend to TK and AK
(Fig. 2G). ECa in rhizosphere soil showed a decreased trend in each peanut GS with
increasing amount of N-fertilizer application, although this trend was not significant in
most cases (Kruskal-Wallis rank sum test, χ2 = 25.721, p = 0.007; Fig. 2H and Table S1).

Pearson correlation analysis showed that pH and AN (Pearson correlation
coefficient = −0.621, p < 0.001), AP and TP (Pearson correlation coefficient = 0.872,
p < 0.001), AK and TK (Pearson correlation coefficient = 0.982, p < 0.001), TN and ECa
(Pearson correlation coefficient = 0.482, p = 0.003), AN and ECa (Pearson correlation
coefficient = 0.412, p = 0.012), and AK and ECa (Pearson correlation coefficient = 0.330,
p = 0.049) were significantly correlated. However, TN was not significantly correlated with
AN (Pearson correlation coefficient = 0.266, p = 0.117; Fig. S1).

Changes of rhizosphere microbiota structure with peanut growth
A total of 2,480,563 (68,904.53 ± 1,134.57) high-quality effective sequences were obtained
from 36 samples, with at least 52,488 high-quality sequences per sample. The rarefaction
curve showed that the number of OTUs corresponding to the sequencing depth was close
to that of the plateau (Fig. 3A), which implied that the sequencing results were
representative. The alpha-diversity indices of the SSHN group were significantly lower
than those of the SSLN and SSML groups at the seedling stage (Figs. 3B–3E). There was no
significant difference in alpha-diversity indices at other peanut GSs (Figs. 3B–3E).

A total of 1,834 OTUs were detected, and 790 OTUs, containing 82.30 ± 0.38% of all
analyzed sequences, dominated the microbiota (Table S2). PCA results showed that the
samples exhibited trends of distribution with peanut GS (PERMANOVA, F = 5.475,
p = 0.005) and nitrogen fertilizer application (PERMANOVA, F = 1.683, p = 0.025),
especially peanut GS (Fig. 4A). Partial RDA showed that nitrogen fertilizer application and
peanut GS explained 7.51% and 10.17% of microbial community changes, respectively
(Fig. 4B), which was consistent with the PCA results (Fig. 4A). UPGMA based on the
weighted UniFrac distance matrix showed that the samples were mainly clustered
according to the peanut GS (Fig. 4C).

A few sequences (0.027 ± 0.004%) could not be classified at phylum level.
The remaining sequences were classified into 23 phyla, of which the dominant phyla were
Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Firmicutes,
Gemmatimonadetes, Latescibacteria, Nitrospirae, Patescibacteria, Planctomycetes,
Proteobacteria, Rokubacteria, Verrucomicrobia, and WPS-2 (Fig. 4D). The amount of
nitrogen fertilizer applied had the greatest impact on the relative abundances of
Bacteroidetes, Gemmatimonadetes, and Planctomycetes in the SS. In particular,
high-nitrogen application significantly reduced the relative abundances of Bacteroidetes
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and Planctomycetes in the SS, while significantly increasing the relative abundance of
Gemmatimonadetes (Figs. 4F, 4I, and 4J). Moreover, high-nitrogen application
significantly increased the relative abundances of Acidobacteria and Cyanobacteria in the
MS, while significantly reducing the relative abundances of Firmicutes in the MS (Figs. 4E,
4G, and 4H).

The LEfSe method was used to analyze the differences in peanut RM between peanut
GSs and amounts of nitrogen fertilizer application. Our results showed that a greater
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Figure 2 Impact of nitrogen fertilizer on soil chemical properties during peanut growth. (A) Total nitrogen (TN) content; (B) alkali-hydro-
lyzable nitrogen (AN) content; (C) total phosphorus (TP) content; (D) available phosphorus (AP) content; (E) total potassium (TK) content;
(F) available potassium (AK) content; (G) pH; (H) exchangeable calcium (ECa) content. SS, FPS, PSS, and MS indicate peanut seeding, flower peg
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(111.36 kg/hm2 N) treatments, respectively. �p < 0.05; ��p < 0.01; ���p < 0.001. Full-size DOI: 10.7717/peerj.13962/fig-2

Yang et al. (2022), PeerJ, DOI 10.7717/peerj.13962 7/20

http://dx.doi.org/10.7717/peerj.13962/fig-2
http://dx.doi.org/10.7717/peerj.13962
https://peerj.com/


Number of sequence

0

0

10000

SSHN1

20000 30000 40000 50000

250

500

750

1000

1250

O
T

U
 n

um
be

r

1500

1750 SSHN2
SSHN3
SSLN1
SSLN2
SSLN3
SSMN1
SSMN2
SSMN3
FPSHN1
FPSHN2
FPSHN3
FPSLN1
FPSLN2
FPSLN3
FPSMN1
FPSMN2
FPSMN3

PSSHN1
PSSHN2
PSSHN3
PSSLN1
PSSLN2
PSSLN3
PSSMN1
PSSMN2
PSSMN3
MSHN1
MSHN2
MSHN3
MSLN1
MSLN2
MSLN3
MSMN1
MSMN2
MSMN3

(A)

(B) (C)

(D) (E)

**

** ****

1400

1500

1600

1700

SSLN

SSM
N

SSHN

FPSLN

FPSM
N

FPSHN

PSSLN

PSSM
N

PSSHN

M
SLN

M
SM

N

M
SHN

O
T

U
 n

um
be

r

**

1600

1650

1700

1750

1800

C
ha

o1
 in

de
x

SSLN

SSM
N
SSHN

FPSLN

FPSM
N

FPSHN

PSSLN

PSSM
N

PSSHN
M

SLN

M
SM

N

M
SHN

**

1550

1600

1650

1700

1750

1800

A
C

E
 in

de
x

SSLN

SSM
N

SSHN

FPSLN

FPSM
N

FPSHN

PSSLN

PSSM
N

PSSHN

M
SLN

M
SM

N

M
SHN

5.2

5.6

6.0

6.4

S
ha

nn
on

 in
de

x

SSLN

SSM
N

SSHN

FPSLN

FPSM
N

FPSHN

PSSLN

PSSM
N

PSSHN

M
SLN

M
SM

N

M
SHN

Figure 3 Rarefaction curve (A) alpha diversity indices (B–E) of the rhizosphere microbiota of peanut. In the sample name, SS, FPS, PSS, and MS
indicate peanut seeding, flower peg stage, pod setting, and mature stages, respectively. LN, MN, and HN indicate no nitrogen, middle nitrogen
(55.68 kg/hm2 N), and high nitrogen (111.36 kg/hm2 N) treatments, respectively. �p < 0.05; ��p < 0.01. Full-size DOI: 10.7717/peerj.13962/fig-3
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Figure 4 Rhizosphere microbiota differences of peanut at different growth stages and with nitrogen amounts. (A) PCA profile showing the
difference of rhizosphere microbiota at OTU level, (B) Venn diagram showing the impact of N fertilizer application and peanut growth stages on
rhizosphere microbiota, (C) UPGMA cluster based on weighted UniFrac distances showing the similarity of rhizosphere microbiota, (D) histogram
showing the relative abundance of dominant phyla in each sample, (E) difference of the relative abundances of Acidobacteria, (F) difference of the
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number of rhizosphere bacteria species differed between peanut GSs than between the
amounts of nitrogen fertilizer application (Fig. 5A; Figs. S2A and S2B). At the same peanut
GS, only a small number of dominant OTUs showed significant differences in their relative
abundance between the different nitrogen fertilizer application groups (Figs. S2C–S2H).
In the four peanut GSs, only one OTU of Nitrospira showed significantly higher relative
abundance in the HN group compared to the other nitrogen fertilizer groups at the SS
and MS, while there was no consistent change in other OTUs. This was consistent with the
results of PCA and UPGMA. The cluster analysis based on the significantly different OTUs
that could be identified at the genus level also showed that samples tended to cluster
according to peanut GS rather than the amount of nitrogen fertilizer application (Fig. 5B).

To determine which rhizosphere soil chemical indices significantly affect peanut RM,
we used RDA to analyze the relationship between the chemical indices and RM. Since
AP was significantly correlated with TP (Pearson correlation coefficient = 0.872, p < 0.001),
and AK was significantly correlated with TK (Pearson correlation coefficient = 0.982,
p < 0.001), and their Pearson correlation indices were greater than 0.8, we omitted TP and
TK from the RDA analysis. Our results showed that AN (R2 = 0.515, p = 0.001), pH
(R2 = 0.255, p = 0.009), AK (R2 = 0.324, p = 0.001), and ECa (R2 = 0.181, p = 0.040)
significantly affected the peanut RM structure (Fig. 6A).

Co-occurrence network analysis showed that the relative abundances of most OTUs
within a genus (such as OTUs in Sphingomonas and Candidatus Udaeobacter) exhibited a
significant positive correlation (p < 0.05, Pearson correlation index > 0.6). However,
there was a significant negative correlation between the relative abundances of a few OTUs
from the same genus (such as OTU95 and OTU 97 in Nitrospira, and OTU8012 and other
OTUs in Candidatus Solibacter) (p < 0.05, Pearson correlation index < −0.6; Fig. 6B).

Pearson correlation analysis between soil chemical indices and these bacteria showed
that TP, which only significantly correlated with Luedemannella sp. 119-1-07, had the least
correlation, followed by AP, which only significantly correlated with OTUs of Gaiella,
Candidatus Koribacter, Luedemannella sp. 119-1-07, and Bryobacter (Fig. 6C and
Table S3). The correlation patterns of AK and TK were similar; they were significantly
positively correlated with OTUs of Sphingomonas, Oryzihumus leptocrescens, Bacillus,
Holophaga, Arthrobacter, Haliangium, Terrabacter, and Nitrospira. However, AK and TK
were significantly negatively correlated with OTUs of Rhodanobacter, mle1-7, PAUC26f,
Reyranella, Lactobacillus, SM1A02, HSB OF53-F07, Haliangium, MDN1, Bryobacter,
Pajaroellobacter, andNitrospira (Fig. 6C and Table S3). The correlation patterns of TN and
AN were dissimilar; only two OTUs of RB41 and one OTU of Candidatus Solibacter were
significantly negatively correlated with both TN and AN, while most OTUs were only

Figure 4 (continued)
relative abundances of Bacteroidetes, (G) difference of relative abundances of Cyanobacteria, (H) difference of relative abundances of Firmicutes,
(I) difference of relative abundances of Gemmatimonadetes, and (J) difference of relative abundances of Planctomycetes. SS, FPS, PSS, and MS
indicate peanut seeding, flower peg stage, pod setting, and mature stages, respectively. LN, MN, and HN indicate no nitrogen, middle nitrogen
(55.68 kg/hm2 N), and high nitrogen (111.36 kg/hm2 N) treatments, respectively. �p < 0.05; ��p < 0.01. Full-size DOI: 10.7717/peerj.13962/fig-4
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significantly associated with either TN or AN (Fig. 6C and Table S3). OTUs of
Gemmatimonas, Dongia, Dokdonella, Nitrospira, Phenylobacterium, Ellin6067,
Flavobacterium, Bryobacter, Reyranella, Acidibacter, Bryobacter, Pseudomonas,
Phaselicystis, Pseudolabrys, Haliangium, Devosia, Candidatus Solibacter, and
Pajaroellobacter only had a significant positive correlation with AN (p < 0.05; Table S3).
OTUs of Gemmatimonas, Bacillus, Rhodanobacter, Arthrobacter, Streptomyces
shenzhenensis, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Sphingomonas,
Mesorhizobium, Candidatus Koribacter, and Terrabacter sp. Ellin109 were significantly
positively correlated with TN (p < 0.05; Table S3). OTUs of Nitrosospira, Candidatus
Udaeobacter, Sphingomonas, Jatrophihabitans, Candidatus Solibacter, Nitrospira, and
Rhodanobacter were significantly negatively correlated with AN (p < 0.05; Table S3), while
MND1, mle1-7, Bryobacter, RB41, Gemmatimonas, Candidatus Solibacter, and
JGI_0001001_H03 were significantly negatively correlated with TN (p < 0.05; Fig. 6C and
Table S3). One OTU of Nitrospira was significantly positively correlated with AN,
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Figure 5 Cladogram (A) and heatmap (B) profiles showing significantly different genera in rhizosphere microbiota among different peanut
growth stages and amounts of N fertilizer application. SS, FPS, PSS, and MS indicate peanut seeding, flower peg stage, pod setting, and mature
stages, respectively. LN, MN, and HN indicate no nitrogen, middle nitrogen (55.68 kg/hm2 N), and high nitrogen (111.36 kg/hm2 N) treatments,
respectively. Full-size DOI: 10.7717/peerj.13962/fig-5
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Figure 6 RDA profile based on soil chemical indices and peanut RM (A), co-occurrence network diagram of the 82 most abundant OTUs that
could be identified to genus level (B), and Pearson correlation indices of these OTUs and the soil chemical indices (C). The red and blue edges in
the co-occurrence network diagram represent significantly positive correlation (p < 0.05 and Pearson correlation indices >0.6) and negative cor-
relation (p < 0.05 and Pearson correlation indices <−0.6), respectively. SS, FPS, PSS, and MS indicate peanut seeding, flower peg stage, pod setting,
and mature stages, respectively. LN, MN, and HN indicate no nitrogen, middle nitrogen (55.68 kg/hm2 N), and high nitrogen (111.36 kg/hm2 N)
treatments, respectively. �p < 0.05; ��p < 0.01; ���p < 0.001. Full-size DOI: 10.7717/peerj.13962/fig-6
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while another OTU of Nitrospira was significantly negatively correlated (p < 0.05; Fig. 6C
and Table S3). This was consistent with the co-occurrence network results.

DISCUSSION
Applying nitrogen, phosphorus, or potassium fertilizers increase the chlorophyll
content, soluble protein content, and photosynthetic rate of peanut leaves, increase the
activities of superoxide dismutase, peroxidase, and catlase, and finally significantly
improve the pod yield of peanut. Moreover, the yield increasing effect of potassium
fertilizer is greater than those of nitrogen and phosphorus fertilizers (Zhou et al., 2007).
These results suggest that potassium may be the most important nutrient limiting factor
for peanut pod yield. Our results showed that from the SS to the PSS, the contents of
TK and AK in the soil of the three groups showed a gradual downward trend, while TP and
AP did not exhibit this trend (Fig. 2). These results also implied that peanuts absorbed a
large amount of potassium from soil during their growth. Compared with phosphorus,
potassium might be the most important nutrient limiting factor for peanut pod yield.

RM plays an important role in the growth and development of plants (Qu et al., 2020).
RM is subject to biological and abiotic factors, and its community structure can differ
considerably among different plants (Arafa et al., 2010). Our results showed that
Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Cyanobacteria, Firmicutes,
Gemmatimonadetes, Latescibacteria, Nitrospirae, Patescibacteria, Planctomycetes,
Proteobacteria, Rokubacteria, Verrucomicrobia, and WPS-2 dominated the peanut RM.
Proteobacteria are abundant in soil, among which a-Proteobacteria account for the
majority (Spain, Krumholz & Elshahed, 2019). a-Proteobacteria contains some species
that can coexist with host plants, such as Rhizobium, which can coexist with legumes.
β-Proteobacteria play an important role in the carbon, nitrogen, and sulfur cycles in soil
ecosystems. For instance, Nitrosomonas participates in the ammonia oxidation process in
soil (İnceoğlu et al., 2010), and Burkholderia strains play an important role in symbiotic
nitrogen fixation in plants (Moulin et al., 2001). γ-Proteobacteria contains many plant
growth-promoting bacteria, which play an important role in helping plants resist pathogen
infection. This group also contains Bacillus and Azotobacter bacteria with a nitrogen-fixing
function (Ge & Sun, 2020). In peanut RM, we found that Acidobacteria had the same
abundance as Proteobacteria (Fig. 4D). Functions of Acidobacteria include degrading plant
residues, participating in single carbon compound metabolism, and participating in the
iron cycle (Wang et al., 2016). Actinobacteria species are mostly saprophytic heterotrophic
bacteria, which can absorb and utilize a variety of organic compounds and play an
important role in the material cycle in nature (Passari et al., 2017). Actinobacteria species
can also produce a large number of antibiotics and secondary metabolites for clinical
and agricultural applications (Zhao et al., 2018). In addition, Brunchorst exists in the root
nodules of non-leguminous woody plants for symbiotic nitrogen fixation (Laws & Graves,
2005; Sun et al., 2020). Our results showed that application of 111.36 kg/hm2 nitrogen
fertilizer significantly increased the relative abundance of Gemmatimonadetes, and
decreased the relative abundances of Bacteroidetes and Planctomycetes. Application of
55.68 kg/hm2 nitrogen fertilizer significantly reduced the relative abundance of
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Acidobacteria at the SS (Fig. 4). In other peanut GSs, only the relative abundance of
Cyanobacteria was significantly reduced in the MN group at the PSS and increased in HN
at the MS compared with the LN group (Fig. 4). These results implied that nitrogen
fertilizer application only affected the composition of peanut RM at the SS, and that its
effect on RM decreased after the SS, which may be due to the gradual self-healing of the
soil microenvironment in response to short-term nitrogen input and tends to be
homogenized over time. The differences in RM structure were mainly reflected in the
different peanut GSs (Figs. 4 and 5).

The species and quantity of root exudates of crops in different GSs are different, so it
follows that the RM, which uses root exudates as energy material, will also change in
different GSs. This has been observed for the RM of other plant species (Tkacz et al., 2015).
Tong, Gao & Jin (2019) reported that the richness and diversity of RM was highest in
the budding stage of strawberry, and that the relative abundance of Proteobacteria
increased, while Acidobacteria decreased gradually with strawberry growth. Yan et al.
(2020) reported that the RM structure changed significantly in the vegetative growth stage
of potato, then gradually stabilized at the beginning of the potato setting stage, and
changed considerably again at the later tuber maturity stage.

Various interactions exist between RM and soil nutrients (Arafa et al., 2010).
Nitrogen-fixing bacteria in soil can fix N2 for plants (Kuypers, Marchant & Kartal, 2018),
and phosphate and potassium dissolving bacteria can secrete organic acids or extracellular
enzymes to promote the dissolution of insoluble phosphate and aluminosilicate and
input effective elements into the soil (Umamaheswari & Murali, 2010; Liu et al., 2020).
However, the RM structure is also affected by the soil nutrients (Arafa et al., 2010; Igiehon
& Babalola, 2018). The application of exogenous fertilizer can cause changes in the
rhizosphere microenvironment, in which bacteria are sensitive to changes in soil nutrients
(Igiehon & Babalola, 2018). Sang, Zhao & Zhang (2020) found that application of organic
liquid fertilizer increases the available nutrients and organic matter of soil, and AN,
organic matter, and AP have an important impact on RM. Chen et al. (2021) found that
biomass phosphorus was an important factor affecting the change in RM structure in
the Hubei experimental area, and ammonium nitrogen significantly affected RM structure
in the Zhejiang experimental area. Our results showed that pH, AN, AK, and ECa
significantly impacted the peanut RM structure in the southern paddy soil environment.
It has been widely reported that pH significantly affects RM structure (Lauber et al., 2009;
Cho, Kim & Lee, 2016; Yao et al., 2017; Liu, Li & Yao, 2021). Urea is converted into NHþ

4

under the specific catalysis of soil urease. Nitrobacteria can convert NHþ
4 into NO−

2 ,
release a large amount of H+, reduce soil pH, and then affect the soil microenvironment.
Although AK significantly affected RM structure, it was also significantly related to TK.
Therefore, further experiments are required to determine whether the correlation between
AK and RM was caused by the impact of TK on RM.

Our previous experiments showed that nitrogen fertilizer application significantly
increased peanut yield (Yang et al., 2021). However, the results of the present study showed
that nitrogen fertilizer application had little effect on peanut RM, and the effect was
obvious only at the SS. This was despite the significant influence of nitrogen fertilizer
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application on the soil TK and AK contents, and the significant correlation between AK
and the peanut RM composition. In the four peanut GSs, only one OTU of Nitrospira
showed significantly higher relative abundance in the HN group compared to the other
nitrogen fertilizer groups at the SS and MS. These results imply that the changes in peanut
RM at different GSs may be affected by soil factors and/or peanut secretions that we did
not detect. Moreover, Nitrospira might be used as a potential beneficial bacterium to
promote peanut growth.

Pseudomonas stutzeri A1501 is the most studied N-fixing endophyte. It enhances the
remediation capacity of broad bean plants and also helps to control plant pathogens (Tkacz
& Poole, 2015; Igiehon & Babalola, 2018). Rhizobium species significantly increase the
height, pod number, length, and seed weight of Vigna mungo and Vigna radiate (Igiehon
& Babalola, 2018). We found that the relative abundances of Pseudomonas and
Rhizobium showed significant positive correlations with AN and TN, respectively.
Although Azoarcus species and Herbaspirillum seropedicae enhance host plant growth by
fixing N (Igiehon & Babalola, 2018), our results showed that they did not dominate the
peanut RM. This implies that rhizosphere bacteria identified as promoting host plant
growth using the traditional culture method may not have the same effect in the peanut
RM in the field. This may be due to the high TN content in our experimental field,
which may have limited the advantage conferred by the N-fixing bacteria. Moreover, soil
high N background probably weakened the effects of N application on rhizosphere
bacterial diversity. However, the effects should be further experimentally verified.

CONCLUSIONS
The results of the present study showed that nitrogen fertilizer application had little effect
on peanut RM, and this effect was evident only at the SS. In the four peanut GSs, only
one OTU of Nitrospira significantly increased in relative abundance with HN at the SS and
MS, while there was no consistent change in other OTUs. The difference in RM
between different peanut GSs was greater than that caused by the amount of nitrogen
fertilizer. This may be due to the substantial changes in soil chemical properties at different
peanut GSs, especially in AN, pH, and AK (or TK), as these significantly affected the RM
structure.

ACKNOWLEDGEMENTS
We would like to thank Dr. Jiajia Ni at Guangdong Meilikang Bio-Science Ltd., China for
assistance with data analysis.

ADDITIONAL INFORMATION AND DECLARATIONS

Funding
This research was funded by the National Key R & D Program of China, grant number
2018YFD1000902. The funders had no role in study design, data collection and analysis,
decision to publish, or preparation of the manuscript.

Yang et al. (2022), PeerJ, DOI 10.7717/peerj.13962 15/20

http://dx.doi.org/10.7717/peerj.13962
https://peerj.com/


Grant Disclosures
The following grant information was disclosed by the authors:
National Key R & D Program of China: 2018YFD1000902.

Competing Interests
The authors declare that they have no competing interests.

Author Contributions
� Zheng Yang conceived and designed the experiments, performed the experiments,
analyzed the data, prepared figures and/or tables, and approved the final draft.

� Lin Li performed the experiments, analyzed the data, prepared figures and/or tables, and
approved the final draft.

� Wenjuan Zhu performed the experiments, prepared figures and/or tables, and approved
the final draft.

� Siyuan Xiao performed the experiments, authored or reviewed drafts of the article, and
approved the final draft.

� Siyu Chen performed the experiments, authored or reviewed drafts of the article, and
approved the final draft.

� Jing Liu performed the experiments, prepared figures and/or tables, and approved the
final draft.

� Qian Xu performed the experiments, prepared figures and/or tables, and approved the
final draft.

� Feng Guo conceived and designed the experiments, analyzed the data, authored or
reviewed drafts of the article, and approved the final draft.

� Shile Lan conceived and designed the experiments, analyzed the data, authored or
reviewed drafts of the article, and approved the final draft.

DNA Deposition
The following information was supplied regarding the deposition of DNA sequences:

All sequences are available at NCBI SRA: PRJNA773647.

Data Availability
The following information was supplied regarding data availability:

All sequences are available at NCBI SRA: PRJNA773647. The raw data are available in
the Supplemental Files.

Supplemental Information
Supplemental information for this article can be found online at http://dx.doi.org/10.7717/
peerj.13962#supplemental-information.

REFERENCES
Arafa RAM, El-Rahmany TA, Abd El-Ghany BF, El-Shazly MM. 2010. Role of some effective

microorganisms in improving soil properties and productivity of peanut under North Sinai
conditions. Research Journal of Agriculture and Biological Sciences 6:228–246.

Yang et al. (2022), PeerJ, DOI 10.7717/peerj.13962 16/20

http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA773647
http://www.ncbi.nlm.nih.gov/bioproject/?term=PRJNA773647
http://dx.doi.org/10.7717/peerj.13962#supplemental-information
http://dx.doi.org/10.7717/peerj.13962#supplemental-information
http://dx.doi.org/10.7717/peerj.13962#supplemental-information
http://dx.doi.org/10.7717/peerj.13962
https://peerj.com/


Arya SS, Salve AR, Chauhan S. 2016. Peanuts as functional food: a review. Journal of Food Science
and Technology 53(1):31–41 DOI 10.1007/s13197-015-2007-9.

Blanchet G, Libohova Z, Joost S, Rossier N, Schneider A, Jeangros B, Sinaj S. 2017. Spatial
variability of potassium in agricultural soils of the canton of Fribourg, Switzerland. Geoderma
290:107–121 DOI 10.1016/j.geoderma.2016.12.002.

Bouffaud M-L, Poirier MA, Muller D, Moënne-Loccoz Y. 2014. Root microbiome relates to plant
host evolution in maize and other Poaceae. Environmental Microbiology 16(9):2804–2814
DOI 10.1111/1462-2920.12442.

Chen L, Wang XB, Zhu RL, Mao LL, Sun JW. 2021. Response of wheat yield and soil microbial
activity to phosphorus fertilizer reduction in the middle and lower reaches of the Yangtze River.
Journal of Plant Nutrition and Fertilizers 27(3):392–402 DOI 10.11674/zwyf.20506.

Chen B, Yang H, SongW, Liu C, Xu J, ZhaoW, Zhou Z. 2016. Effect of N fertilization rate on soil
alkali-hydrolyzable N, subtending leaf N concentration, fiber yield, and quality of cotton. The
Crop Journal 4(4):323–330 DOI 10.1016/j.cj.2016.03.006.

Cho SJ, Kim MH, Lee YO. 2016. Effect of pH on soil bacterial diversity. Journal of Ecology and
Environment 40(1):10 DOI 10.1186/s41610-016-0004-1.

David DJ. 1960. The determination of exchangeable sodium, potassium, calcium and magnesium
in soils by atomic-absorption spectrophotometry. The Analyst 85(1012):495–503
DOI 10.1039/an9608500495.

Ge YL, Sun T. 2020. Soil microbial community structure and diversity of potato rhizosphere and
non-rhizosphere soil. Ecology and Environmental Sciences 29(1):141–148
DOI 10.16258/j.cnki.1674-5906.2020.01.016.

George TS, Turner BL, Gregory PJ, Cade-Menun BJ, Richardson AE. 2006. Depletion of organic
phosphorus from Oxisols in relation to phosphatase activities in the rhizosphere. European
Journal of Soil Science 57(1):47–57 DOI 10.1111/j.1365-2389.2006.00767.x.

Hassan S, Mathesius U. 2012. The role of flavonoids in root-rhizosphere signalling: opportunities
and challenges for improving plant-microbe interactions. Journal of Experimental Botany
63(9):3429–3444 DOI 10.1093/jxb/err430.

He P, Yang L, Xu X, Zhao S, Chen F, Li S, Tu S, Jin J, Johnston AM. 2015. Temporal and spatial
variation of soil available potassium in China (1990–2012). Field Crops Research 173:49–56
DOI 10.1016/j.fcr.2015.01.003.

Hildebrandt TM, Nesi AN, Araújo WL, Braun H-P. 2015. Amino acid catabolism in plants.
Molecular Plant 8(11):1563–1579 DOI 10.1016/j.molp.2015.09.005.

Huang W-J, Zhou G-Y, Liu J-X. 2012. Nitrogen and phosphorus status and their influence on
aboveground production under increasing nitrogen deposition in three successional forests. Acta
Oecologica 44:20–27 DOI 10.1016/j.actao.2011.06.005.

Igiehon NO, Babalola OO. 2018. Rhizosphere microbiome modulators: contributions of nitrogen
fixing bacteria towards sustainable agriculture. International Journal of Environmental Research
and Public Health 15(4):574 DOI 10.3390/ijerph15040574.

İnceoğlu Ö, Salles JF, van Overbeek L, van Elsas JD. 2010. Effects of plant genotype and growth
stage on the betaproteobacterial communities associated with different potato cultivars in two
fields. Applied and Environmental Microbiology 76(11):3675–3684
DOI 10.1128/AEM.00040-10.

Jin S, Jin W, Dong C, Bai Y, Jin D, Hu Z, Huang Y. 2020. Effects of rice straw and rice straw ash
on rice growth and a-diversity of bacterial community in rare-earth mining soils. Scientific
Reports 10(1):10331 DOI 10.1038/s41598-020-67160-w.

Yang et al. (2022), PeerJ, DOI 10.7717/peerj.13962 17/20

http://dx.doi.org/10.1007/s13197-015-2007-9
http://dx.doi.org/10.1016/j.geoderma.2016.12.002
http://dx.doi.org/10.1111/1462-2920.12442
http://dx.doi.org/10.11674/zwyf.20506
http://dx.doi.org/10.1016/j.cj.2016.03.006
http://dx.doi.org/10.1186/s41610-016-0004-1
http://dx.doi.org/10.1039/an9608500495
http://dx.doi.org/10.16258/j.cnki.1674-5906.2020.01.016
http://dx.doi.org/10.1111/j.1365-2389.2006.00767.x
http://dx.doi.org/10.1093/jxb/err430
http://dx.doi.org/10.1016/j.fcr.2015.01.003
http://dx.doi.org/10.1016/j.molp.2015.09.005
http://dx.doi.org/10.1016/j.actao.2011.06.005
http://dx.doi.org/10.3390/ijerph15040574
http://dx.doi.org/10.1128/AEM.00040-10
http://dx.doi.org/10.1038/s41598-020-67160-w
http://dx.doi.org/10.7717/peerj.13962
https://peerj.com/


Kuypers MMM, Marchant HK, Kartal B. 2018. The microbial nitrogen-cycling network. Nature
Reviews Microbiology 16(5):263–276 DOI 10.1038/nrmicro.2018.9.

Lauber CL, Hamady M, Knight R, Fierer N. 2009. Pyrosequencing-based assessment of soil pH as
a predictor of soil bacterial community structure at the continental scale. Applied and
Environmental Microbiology 75(15):5111–5120 DOI 10.1128/AEM.00335-09.

Laws MT, Graves WR. 2005. Nitrogen inhibits nodulation and reversibly suppresses nitrogen
fixation in nodules of Alnus maritima. Journal of American Society for Horticultural Science
130(4):496–499 DOI 10.21273/jashs.130.4.496.

Lea PJ, Robinson SA, Stewart GR. 1990. The enzymology and metabolism of glutamine,
glutamate, and asparagine. Intermediary Nitrogen Metabolism 16:121–159
DOI 10.1016/B978-0-08-092616-2.50010-3.

Li X, Rui J, Mao Y, Yannarell A, Mackie R. 2014. Dynamics of the bacterial community structure
in the rhizosphere of a maize cultivar. Soil Biology and Biochemistry 68:392–401
DOI 10.1016/j.soilbio.2013.10.017.

Li X, Zhang Y, Wang W, Khan MR, Cong R, Lu J. 2018. Establishing grading indices of available
soil potassium on paddy soils in Hubei province, China. Scientific Reports 8(1):16381
DOI 10.1038/s41598-018-33802-3.

Liu JW, Li XZ, Yao MJ. 2021. Research progress on assembly of plant rhizosphere microbial
community. Acta Microbiologica Sinica 61(2):231–248 DOI 10.13343/j.cnki.wsxb.20200154.

Liu Y-Q, Wang Y-H, Kong W-L, Liu W-H, Xie X-L, Wu X-Q. 2020. Identification, cloning and
expression patterns of the genes related to phosphate solubilization in Burkholderia multivorans
WS-FJ9 under different soluble phosphate levels. AMB Express 10(1):108
DOI 10.1186/s13568-020-01032-4.

Magoč T, Salzberg SL. 2011. FLASH: fast length adjustment of short reads to improve genome
assemblies. Bioinformatics 27(21):2957–2963 DOI 10.1093/bioinformatics/btr507.

Marques JM, da Silva TF, Vollu RE, Blank AF, Ding G-C, Seldin L, Smalla K. 2014. Plant age
and genotype affect the bacterial community composition in the tuber rhizosphere of
field-grown sweet potato plants. FEMS Microbiology Ecology 88(2):424–435
DOI 10.1111/1574-6941.12313.

Messmer T, Elsenbeer H, Wilcke W. 2014. High exchangeable calcium concentrations in soils on
Barro Colorado Island, Panama. Geoderma 217–218:212–224
DOI 10.1016/j.geoderma.2013.10.021.

Moreau D, Bardgett RD, Finlay RD, Jones DL, Philippot L. 2019.A plant perspective on nitrogen
cycling in the rhizosphere. Functional Ecology 33(4):540–552 DOI 10.1111/1365-2435.13303.

Moulin L, Munive A, Dreyfus B, Boivin-Masson C. 2001. Nodulation of legumes by members of
the β-subclass of Proteobacteria. Nature 411(6840):948–950 DOI 10.1038/35082070.

Ni J, Huang R, Zhou H, Xu X, Li Y, Cao P, Zhong K, Ge M, Chen X, Hou B, YuM, Peng B, Li Q,
Zhang P, Gao Y. 2019. Analysis of the relationship between the degree of dysbiosis in gut
microbiota and prognosis at different stages of primary. Frontiers in Microbiology 10:1458
DOI 10.3389/fmicb.2019.01458.

Officer SJ, Tillman RW, Palmer AS. 2006. Plant available potassium in New Zealand steep-land
pasture soils. Geoderma 133(3–4):408–420 DOI 10.1016/j.geoderma.2005.08.005.

Okumoto S, Pilot G. 2011. Amino acid export in plants: a missing link in nitrogen cycling.
Molecular Plant 4(3):453–463 DOI 10.1093/mp/ssr003.

Passari AK, Mishra VK, Singh G, Singh P, Kumar B, Gupta VK, Sarma RK, Saikia R,
Donovan AO, Singh BP. 2017. Insights into the functionality of endophytic actinobacteria with

Yang et al. (2022), PeerJ, DOI 10.7717/peerj.13962 18/20

http://dx.doi.org/10.1038/nrmicro.2018.9
http://dx.doi.org/10.1128/AEM.00335-09
http://dx.doi.org/10.21273/jashs.130.4.496
http://dx.doi.org/10.1016/B978-0-08-092616-2.50010-3
http://dx.doi.org/10.1016/j.soilbio.2013.10.017
http://dx.doi.org/10.1038/s41598-018-33802-3
http://dx.doi.org/10.13343/j.cnki.wsxb.20200154
http://dx.doi.org/10.1186/s13568-020-01032-4
http://dx.doi.org/10.1093/bioinformatics/btr507
http://dx.doi.org/10.1111/1574-6941.12313
http://dx.doi.org/10.1016/j.geoderma.2013.10.021
http://dx.doi.org/10.1111/1365-2435.13303
http://dx.doi.org/10.1038/35082070
http://dx.doi.org/10.3389/fmicb.2019.01458
http://dx.doi.org/10.1016/j.geoderma.2005.08.005
http://dx.doi.org/10.1093/mp/ssr003
http://dx.doi.org/10.7717/peerj.13962
https://peerj.com/


a focus on their biosynthetic potential and secondary metabolites production. Scientific Reports
7(1):11809 DOI 10.1038/s41598-017-12235-4.

Pérez-Jaramillo JE, Mendes R, Raaijmakers JM. 2015. Impact of plant domestication on
rhizosphere microbiome assembly and functions. Plant Molecular Biology 90(6):635–644
DOI 10.1007/s11103-015-0337-7.

Philippot L, Raaijmakers JM, Lemanceau P, van der Putten WH. 2013. Going back to the roots:
the microbial ecology of the rhizosphere. Nature Reviews Microbiology 11(11):789–799
DOI 10.1038/nrmicro3109.

Qu Q, Zhang Z, Peijnenburg WJGM, Liu W, Lu T, Hu B, Chen J, Chen J, Lin Z, Qian H. 2020.
Rhizosphere microbiome assembly and its impact on plant growth. Journal of Agricultural and
Food Chemistry 68(18):5024–5038 DOI 10.1021/acs.jafc.0c00073.

Rousk J, Bååth E, Brookes PC, Lauber CL, Lozupone C, Caporaso JG, Knight R, Fierer N. 2010.
Soil bacterial and fungal communities across a pH gradient in an arable soil. The ISME Journal
4(10):1340–1351 DOI 10.1038/ismej.2010.58.

SangW, Zhao YG, Zhang FH. 2020. Effects of chemical fertilizer reduction combined with organic
liquid fertilizer on soil microbial community structure diversity. Southwest China Journal of
Agricultural Sciences 33(11):2584–2590 DOI 10.16213/j.cnki.scjas.2020.11.026.

Spain AM, Krumholz LR, Elshahed MS. 2019. Abundance, composition, diversity and novelty of
soil Proteobacteria. The ISME Journal 3(8):992–1000 DOI 10.1038/ismej.2009.43.

Stanford G, English L. 1949. Use of the flame photometer in rapid soil tests for K and Ca.
Agronomy Journal 41(9):446–447 DOI 10.2134/agronj1949.00021962004100090012x.

Sun Y, Chen J, Wang Y, Cheng J, Han Q, Zhao Q, Li H, Li H, He A, Guo J, Wu Y, Niu S, Suo S,
Li J, Zhang J. 2020. Advances in growth promotion mechanisms of PGPRs and their effects on
improving plant stress tolerance. Acta Agrestia Sinica 28:1204–1215
DOI 10.11733/j.issn.1007-0435.2020.05.004.

Tkacz A, Cheema J, Chandra G, Grant A, Poole PS. 2015. Stability and succession of the
rhizosphere microbiota depends upon plant type and soil composition. The ISME Journal
9(11):2349–2359 DOI 10.1038/ismej.2015.41.

Tkacz A, Poole P. 2015. Role of root microbiota in plant productivity. Journal of Experimental
Botany 66(8):2167–2175 DOI 10.1093/jxb/erv157.

Tong LH, Gao J, Jin YS. 2019. Dynamic changes of microorganisms in the rhizosphere of
strawberry during different growth stage. Journal of Beijing University of Agriculture
34(4):10–15.

Toomer OT. 2018. Nutritional chemistry of the peanut (Arachis hypogaea). Critical Reviews in
Food Science and Nutrition 58(17):3042–3053 DOI 10.1080/10408398.2017.1339015.

Umamaheswari S, Murali M. 2010. Prevalence of plasmid mediated pasticide resistant bacterial
assemblages in crop fields. Journal of Environmental Biology 31:957–964.

Walters WA, Jin Z, Youngblut N, Wallace JG, Sutter J, Zhang W, González-Peña A, Peiffer J,
Koren O, Shi Q, Knight R, del Rio TG, Tringe SG, Buckler ES, Dangl JL, Ley RE. 2018.
Large-scale replicated field study of maize rhizosphere identifies heritable microbes. Proceedings
of the National Academy of Sciences of the United States of America 115(28):7368–7373
DOI 10.1073/pnas.1800918115.

Wang Q, Garrity GM, Tiedje JM, Cole JR. 2007. Naïve Bayesian classifier for rapid assignment of
rRNA sequences into the new bacterial taxonomy. Applied and Environmental Microbiology
73(16):5261–5267 DOI 10.1128/AEM.00062-07.

Yang et al. (2022), PeerJ, DOI 10.7717/peerj.13962 19/20

http://dx.doi.org/10.1038/s41598-017-12235-4
http://dx.doi.org/10.1007/s11103-015-0337-7
http://dx.doi.org/10.1038/nrmicro3109
http://dx.doi.org/10.1021/acs.jafc.0c00073
http://dx.doi.org/10.1038/ismej.2010.58
http://dx.doi.org/10.16213/j.cnki.scjas.2020.11.026
http://dx.doi.org/10.1038/ismej.2009.43
http://dx.doi.org/10.2134/agronj1949.00021962004100090012x
http://dx.doi.org/10.11733/j.issn.1007-0435.2020.05.004
http://dx.doi.org/10.1038/ismej.2015.41
http://dx.doi.org/10.1093/jxb/erv157
http://dx.doi.org/10.1080/10408398.2017.1339015
http://dx.doi.org/10.1073/pnas.1800918115
http://dx.doi.org/10.1128/AEM.00062-07
http://dx.doi.org/10.7717/peerj.13962
https://peerj.com/


Wang GH, Liu JJ, Yu ZH, Wang XZ, Jin J, Liu XB. 2016. Research progress of Acidobacteria
ecology in soils. Biotechnology Bulletin 32(2):14–20
DOI 10.13560/j.cnki.biotech.bull.1985.2016.02.002.

Xu Y, Wang G, Jin J, Liu J, Zhang Q, Liu X. 2009. Bacterial communities in soybean rhizosphere
in response to soil type, soybean genotype, and their growth stage. Soil Biology and Biochemistry
41(5):919–925 DOI 10.1016/j.soilbio.2008.10.027.

Yan L, Zhang YZ, Qing S, Fang ZR, Lai XJ. 2020. Community rhythms of rhizosphere
microbiome during the whole life cycle of potato. Acta Microbiologica Sinica 60(2):246–260
DOI 10.13343/j.cnki.wsxb.20190138.

Yang Z, Xiao S, Chen S, Liu J, Zhu W, Xu Q, Li L, Guo F, Lan S. 2021. Effect of nitrogen
application rates on the yield and quality of different oleic peanuts. Journal of Henan
Agricultural Sciences 50(9):44–52 DOI 10.15933/j.cnki.1004-3268.2021.09.006.

Yao M, Rui J, Niu H, Heděnec P, Li J, He Z, Wang J, Cao W, Li X. 2017. The differentiation of
soil bacterial communities along a precipitation and temperature gradient in the eastern Inner
Mongolia steppe. CATENA 152:47–56 DOI 10.1016/j.catena.2017.01.007.

Zamioudis C, Pieterse CM. 2012.Modulation of host immunity by beneficial microbes.Molecular
Plant-Microbe Interactions 25(2):139–150 DOI 10.1094/MPMI-06-11-0179.

Zhao K, Li J, Shen M, Chen Q, Liu M, Ao X, Liao D, Gu Y, Xu K, Ma M, Yu X, Xiang Q, Chen J,
Zhang X, Penttinen P. 2018. Actinobacteria associated with Chinaberry tree are diverse and
show antimicrobial activity. Scientific Reports 8(1):11103 DOI 10.1038/s41598-018-29442-2.

Zhou L, Li X, Tang X, Lin Y, Li Z. 2007. Effects of different application amount of N, P, K
fertilizers on physiological characteristics, yield and kernel quality of peanut. Chinese Journal of
Applied Ecology 18:2468–2474.

ZhuW, Xiao S, Chen S, Xu Q, Yang Z, Liu J, Wang H, Lan S. 2021. Effects of fermented mulberry
leaves on growth, serum antioxidant capacity, digestive enzyme activities and microbial
compositions of the intestine in crucian (Carassius carassius). Aquaculture Research
52(12):6356–6366 DOI 10.1111/are.15500.

Yang et al. (2022), PeerJ, DOI 10.7717/peerj.13962 20/20

http://dx.doi.org/10.13560/j.cnki.biotech.bull.1985.2016.02.002
http://dx.doi.org/10.1016/j.soilbio.2008.10.027
http://dx.doi.org/10.13343/j.cnki.wsxb.20190138
http://dx.doi.org/10.15933/j.cnki.1004-3268.2021.09.006
http://dx.doi.org/10.1016/j.catena.2017.01.007
http://dx.doi.org/10.1094/MPMI-06-11-0179
http://dx.doi.org/10.1038/s41598-018-29442-2
http://dx.doi.org/10.1111/are.15500
http://dx.doi.org/10.7717/peerj.13962
https://peerj.com/

	Nitrogen fertilizer amount has minimal effect on rhizosphere bacterial diversity during different growth stages of peanut
	Introduction
	Materials and Methods
	Results
	Discussion
	Conclusions
	flink6
	References



<<
  /ASCII85EncodePages false
  /AllowTransparency false
  /AutoPositionEPSFiles true
  /AutoRotatePages /None
  /Binding /Left
  /CalGrayProfile (Dot Gain 20%)
  /CalRGBProfile (sRGB IEC61966-2.1)
  /CalCMYKProfile (U.S. Web Coated \050SWOP\051 v2)
  /sRGBProfile (sRGB IEC61966-2.1)
  /CannotEmbedFontPolicy /Warning
  /CompatibilityLevel 1.4
  /CompressObjects /Off
  /CompressPages true
  /ConvertImagesToIndexed true
  /PassThroughJPEGImages true
  /CreateJobTicket false
  /DefaultRenderingIntent /Default
  /DetectBlends true
  /DetectCurves 0.0000
  /ColorConversionStrategy /LeaveColorUnchanged
  /DoThumbnails false
  /EmbedAllFonts true
  /EmbedOpenType false
  /ParseICCProfilesInComments true
  /EmbedJobOptions true
  /DSCReportingLevel 0
  /EmitDSCWarnings false
  /EndPage -1
  /ImageMemory 1048576
  /LockDistillerParams false
  /MaxSubsetPct 100
  /Optimize true
  /OPM 1
  /ParseDSCComments true
  /ParseDSCCommentsForDocInfo true
  /PreserveCopyPage true
  /PreserveDICMYKValues true
  /PreserveEPSInfo true
  /PreserveFlatness true
  /PreserveHalftoneInfo false
  /PreserveOPIComments false
  /PreserveOverprintSettings true
  /StartPage 1
  /SubsetFonts true
  /TransferFunctionInfo /Apply
  /UCRandBGInfo /Preserve
  /UsePrologue false
  /ColorSettingsFile (None)
  /AlwaysEmbed [ true
  ]
  /NeverEmbed [ true
  ]
  /AntiAliasColorImages false
  /CropColorImages true
  /ColorImageMinResolution 300
  /ColorImageMinResolutionPolicy /OK
  /DownsampleColorImages false
  /ColorImageDownsampleType /Average
  /ColorImageResolution 300
  /ColorImageDepth 8
  /ColorImageMinDownsampleDepth 1
  /ColorImageDownsampleThreshold 1.50000
  /EncodeColorImages true
  /ColorImageFilter /FlateEncode
  /AutoFilterColorImages false
  /ColorImageAutoFilterStrategy /JPEG
  /ColorACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /ColorImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000ColorACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000ColorImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasGrayImages false
  /CropGrayImages true
  /GrayImageMinResolution 300
  /GrayImageMinResolutionPolicy /OK
  /DownsampleGrayImages false
  /GrayImageDownsampleType /Average
  /GrayImageResolution 300
  /GrayImageDepth 8
  /GrayImageMinDownsampleDepth 2
  /GrayImageDownsampleThreshold 1.50000
  /EncodeGrayImages true
  /GrayImageFilter /FlateEncode
  /AutoFilterGrayImages false
  /GrayImageAutoFilterStrategy /JPEG
  /GrayACSImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /GrayImageDict <<
    /QFactor 0.15
    /HSamples [1 1 1 1] /VSamples [1 1 1 1]
  >>
  /JPEG2000GrayACSImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /JPEG2000GrayImageDict <<
    /TileWidth 256
    /TileHeight 256
    /Quality 30
  >>
  /AntiAliasMonoImages false
  /CropMonoImages true
  /MonoImageMinResolution 1200
  /MonoImageMinResolutionPolicy /OK
  /DownsampleMonoImages false
  /MonoImageDownsampleType /Average
  /MonoImageResolution 1200
  /MonoImageDepth -1
  /MonoImageDownsampleThreshold 1.50000
  /EncodeMonoImages true
  /MonoImageFilter /CCITTFaxEncode
  /MonoImageDict <<
    /K -1
  >>
  /AllowPSXObjects false
  /CheckCompliance [
    /None
  ]
  /PDFX1aCheck false
  /PDFX3Check false
  /PDFXCompliantPDFOnly false
  /PDFXNoTrimBoxError true
  /PDFXTrimBoxToMediaBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXSetBleedBoxToMediaBox true
  /PDFXBleedBoxToTrimBoxOffset [
    0.00000
    0.00000
    0.00000
    0.00000
  ]
  /PDFXOutputIntentProfile (None)
  /PDFXOutputConditionIdentifier ()
  /PDFXOutputCondition ()
  /PDFXRegistryName ()
  /PDFXTrapped /False

  /CreateJDFFile false
  /Description <<
    /CHS <FEFF4f7f75288fd94e9b8bbe5b9a521b5efa7684002000500044004600206587686353ef901a8fc7684c976262535370673a548c002000700072006f006f00660065007200208fdb884c9ad88d2891cf62535370300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c676562535f00521b5efa768400200050004400460020658768633002>
    /CHT <FEFF4f7f752890194e9b8a2d7f6e5efa7acb7684002000410064006f006200650020005000440046002065874ef653ef5728684c9762537088686a5f548c002000700072006f006f00660065007200204e0a73725f979ad854c18cea7684521753706548679c300260a853ef4ee54f7f75280020004100630072006f0062006100740020548c002000410064006f00620065002000520065006100640065007200200035002e003000204ee553ca66f49ad87248672c4f86958b555f5df25efa7acb76840020005000440046002065874ef63002>
    /DAN <>
    /DEU <>
    /ESP <>
    /FRA <>
    /ITA <>
    /JPN <>
    /KOR <FEFFc7740020c124c815c7440020c0acc6a9d558c5ec0020b370c2a4d06cd0d10020d504b9b0d1300020bc0f0020ad50c815ae30c5d0c11c0020ace0d488c9c8b85c0020c778c1c4d560002000410064006f0062006500200050004400460020bb38c11cb97c0020c791c131d569b2c8b2e4002e0020c774b807ac8c0020c791c131b41c00200050004400460020bb38c11cb2940020004100630072006f0062006100740020bc0f002000410064006f00620065002000520065006100640065007200200035002e00300020c774c0c1c5d0c11c0020c5f40020c2180020c788c2b5b2c8b2e4002e>
    /NLD (Gebruik deze instellingen om Adobe PDF-documenten te maken voor kwaliteitsafdrukken op desktopprinters en proofers. De gemaakte PDF-documenten kunnen worden geopend met Acrobat en Adobe Reader 5.0 en hoger.)
    /NOR <>
    /PTB <>
    /SUO <>
    /SVE <>
    /ENU (Use these settings to create Adobe PDF documents for quality printing on desktop printers and proofers.  Created PDF documents can be opened with Acrobat and Adobe Reader 5.0 and later.)
  >>
  /Namespace [
    (Adobe)
    (Common)
    (1.0)
  ]
  /OtherNamespaces [
    <<
      /AsReaderSpreads false
      /CropImagesToFrames true
      /ErrorControl /WarnAndContinue
      /FlattenerIgnoreSpreadOverrides false
      /IncludeGuidesGrids false
      /IncludeNonPrinting false
      /IncludeSlug false
      /Namespace [
        (Adobe)
        (InDesign)
        (4.0)
      ]
      /OmitPlacedBitmaps false
      /OmitPlacedEPS false
      /OmitPlacedPDF false
      /SimulateOverprint /Legacy
    >>
    <<
      /AddBleedMarks false
      /AddColorBars false
      /AddCropMarks false
      /AddPageInfo false
      /AddRegMarks false
      /ConvertColors /NoConversion
      /DestinationProfileName ()
      /DestinationProfileSelector /NA
      /Downsample16BitImages true
      /FlattenerPreset <<
        /PresetSelector /MediumResolution
      >>
      /FormElements false
      /GenerateStructure true
      /IncludeBookmarks false
      /IncludeHyperlinks false
      /IncludeInteractive false
      /IncludeLayers false
      /IncludeProfiles true
      /MultimediaHandling /UseObjectSettings
      /Namespace [
        (Adobe)
        (CreativeSuite)
        (2.0)
      ]
      /PDFXOutputIntentProfileSelector /NA
      /PreserveEditing true
      /UntaggedCMYKHandling /LeaveUntagged
      /UntaggedRGBHandling /LeaveUntagged
      /UseDocumentBleed false
    >>
  ]
>> setdistillerparams
<<
  /HWResolution [2400 2400]
  /PageSize [612.000 792.000]
>> setpagedevice


