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Abstract
Purpose Rhizosphere is the key part of belowground interaction between plant, microbes and soil.
Bene�cial interactions between plant roots and rhizosphere microorganisms are pivotal for plant �tness.
Given the effort to improve sweetpotato phosphorus (P) e�ciency, it is important to understand the
adaptive strategies of sweetpotato rhizosphere under limited P availability. The aim of this study was to
explore the variation of bacterial community and metabolite pro�les of sweetpotato rhizosphere and their
interactions under low P stress.

Method Rhizosphere samples collected from sweetpotato (Shangshu 19) grown in long-term (41 years)
application nitrogen (N) and potassium (K) fertilizers (NK) and N, P and K fertilizers (NPK) soils were
analyzed the bacterial community and metabolite pro�les by 16S rRNA high-throughput sequencing and
liquid chromatography-mass spectrometry (LC-MS), respectively.

Conclusion Different fertilization treatments signi�cantly affected the abundances of rare genus in
Shangshu 19 rhizosphere. The COG and KEGG enrichment analysis showed the function of bacterial
correlated to sugar metabolism and inositol phosphate metabolism were signi�cantly enhanced under
low P stress. LC-MS analysis obtained similar results that galactose metabolism and phospholipase D
signaling pathway were the top 2 differential metabolic pathways. Our results suggested that the bacteria
of Shangshu 19 rhizosphere may use sugars as energy material to respond to low P stress by changing
inositol phosphate metabolism. The increases of lipid-like substances played a connecting role, it was
produced by sugar metabolism, and then entering mevalonate pathway activate inositol phosphate
metabolism. These results have important practical signi�cance for optimizing sweetpotato cultivation
system.

Introduction
Sweetpotato is one of the important food and economic crops in China, with a planting area of about 2
249 800 hectares and a total output of 49.2 million tons, accounting for 54.97% of the world’s total
output (FAO 2020). Phosphorus (P) is an essential element for plant growth and development, and plays
an important role in crop yield increase (Jin et al. 2017). Numerous studies have shown that P availability
is a key factor limiting the formation of sweetpotato yield and quality (Ryan et al. 2012; Gao et al. 2019).
Insu�cient P nutrition causes the decline of photosynthetic rate, abnormal carbon (C) and nitrogen (N)
metabolism, and inhibition of carbohydrate accumulation and protein synthesis in sweetpotato (Kareem
et al. 2020), which can lead to the loss of sweetpotato yield as high as 25%-60% (Villordon et al. 2020).
For a long time, the application of P fertilizer is the most important means to increase soil P availability in
actual agricultural production. However, P fertilizer is easy to be �xed by heavy metal ions and soil
particles, or transformed into organic P (Po) that cannot be absorbed by plants, resulting in low utilization
e�ciency of P fertilizer in the current season, and plants will still suffer from low P stress (Ham et al.
2018). Some studies have pointed out that plant genotypes growing in low P fertility soil for a long time
may have formed strategies to obtain and maintain nutrients by changing root structure (Nguyen and
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stangoulis 2019), conservative distribution of P in plants (Ryan et al. 2012), changing exudation of root
exudates (Minemba et al. 2020) and enrichment of microorganisms promoting plant growth (Gai et al.
2006). Therefore, exploring the feedback effect of sweetpotato to low P stress has important practical
signi�cance for optimizing sweetpotato cultivation system and realizing the synchronous improvement
of P fertilizer utilization.

As an underground tuberous root crop, sweetpotato mainly absorbs phosphate through root interception
(Lobet et al. 2019). Previous studies have shown that sweetpotato can absorb P to the maximum extent
and increase yield to a certain extent by adjusting root structure (including root elongation, increase in the
number and length of lateral roots and root hairs, etc.) under low P stress (Niu et al. 2013; López-
Arredondo et al. 2014). Nevertheless, the rhizosphere is the gateway for various nutrients to enter the
plant root system, and the rhizosphere environment directly affects the absorption and utilization of P by
the root system. Recent studies have shown that sweetpotato obtained more P from low P soil mainly
depends on the exudation of root organic acids and the reactivation of P by rhizosphere microorganisms,
rather than on specialized root morphology (Minemba et al. 2019; Villordon et al. 2020). Additionally,
plant root exudates can actively participate in the regulation of rhizosphere microbial activity and/or
changes in quantity and community composition by changing the physical or chemical characteristics of
the rhizosphere, thus affecting the process of rhizosphere nutrient cycling (Lebeis et al. 2015; Pang et al.
2021). For example, Zhang et al. (2018) found that root exudates can be rapidly utilized by mycelial
microorganisms by using 13C-DNA-SIP tracing technology. At the same time, root exudates, as C source
and signal material, stimulate the phosphate-solubilizing function of microorganisms and promote the
activation of soil Po. Unstable organic matter released from roots also accelerate the decomposition of
soil organic matter (SOM) and stimulate rhizosphere microorganisms to dissolve insoluble minerals, thus
promoting the release of N, P and other nutrients (Wang et al. 2016). However, the rhizodeposition of
sweetpotato root exudate and its impacts on microbial community and on nutrient acquisition have
received little attention to date, which is necessary to be further explored. If the rhizodeposition of
sweetpotato root exudate can promote the activity and/or quantity of microorganisms bene�cial to plant
growth (such as N �xing bacteria, plant hormone producing bacteria and phosphate solubilizing bacteria,
etc.) under low P stress, the impact of root exudates on microbial community will be particularly
conducive to improving the yield of sweetpotato.

In this study, we analyzed the rhizosphere bacterial community and metabolites pro�les of the low-P
tolerant variety (Shangshu 19) growing in long-term (41 years) application of N and potassium (K)
fertilizer (NK) and N, P and K fertilizer (NPK) soils by 16S rRNA high-throughput sequencing and liquid
chromatography-mass spectrometry (LC-MS). The aims of this study were to identify the response
characteristics and their interplay of bacterial community structure and metabolites pro�les in the
Shangshu 19 rhizosphere to low P stress. We hypothesized that: 1) low P stress would lead to the
changes of bacterial community structure and metabolic spectrum in the rhizosphere of sweetpotato, and
2) the variations of metabolites in the rhizosphere were related to the changes of bacterial community.
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Materials And Methods
General situation of test area

The test site is located in Jiangsu Xuzhou Sweet Potato Research Center (34°16' N, 117°17' E), Xuzhou
City, Jiangsu Province. This area is a warm temperate semi humid climate zone, with an average annual
temperature of 14 ℃, and an average annual rainfall of 860 mm. Rainfall is mainly concentrated from
July to August. The average annual evaporation is 1 870 mm, the annual frost-free period is about 210
days, and the sunshine hours are 2 317 hours. The long-term positioning test began in the autumn of
1980. The crop planting mode was wheat-maize rotation from 1981 to 2001, changed to wheat-sweet
potato rotation after 2002. The variety of sweetpotato planted in 2021 was Shangshu 19. This variety
was a low P tolerant variety, and also was the largest variety planted in China. Eight fertilization
treatments were set in the experiment. Combined with the objectives of this study, three fertilizer
application treatments were selected in this study, including 1) no fertilizer input (CK), 2) applied urea and
diammonium phosphate (N, 150.0 kg hm− 2) and potassium sulphate (K2O, 112.5 kg hm− 2) (NK

treatment), and 3) applied urea, calcium superphosphate (P2O5, 75.0 kg hm− 2) and potassium sulphate
(NPK treatment). The fertilizers were applied as the base fertilizer at one time. The physical and chemical
properties of the original soil foundation were as follows: SOM content was 10.80 g kg− 1, pH was 8.01,
total N (TN) content was 0.66 g kg− 1, total P (TP) content was 0.74 g kg− 1, available P (AP) content was
12.00 mg kg− 1, available K (AK) content was 63.00 mg kg− 1, soil texture was sandy loamy. The survey of
soil taxonomy was �uvo aquic soil, which was developed from yellow alluvial parent material.

Sampling

Rhizosphere samples were collected after transplanting 110 days. During collection, ten sweetpotatoes
were randomly selected under each fertilization treatment, and the rhizosphere soil was collected by
“shaking off method” (Gao et al. 2019). After mixing evenly, they were used as one sample, and each
treatment was repeated three times. Part of the collected soil was sieved and air dried for determining the
basic soil chemical properties, and the other part was stored in a -80 ℃ refrigerator for high-throughput
sequencing and determination of metabolome.

Analysis of soil chemical properties

Soil SOM content was determined by the potassium dichromate oxidation external heating volumetric
method (Nelson and Sommers 1982). Soil pH was measured in a suspension with a 1:2.5 soil to water
ratio (w/v) and using an acidometer (Mettler Fe20, Shanghai). Soil TN content was determined by steam
distillation after Kjeldahl digestion at 370°C (Zhu et al. 2020). Soil TP content was determined by HClO4-
H2SO4 digestion method followed by colorimetric spectrophotometry (Thomas et al. 1967). Soil AP

content was extracted with 0.5 mol L− 1 NaHCO3 (pH 8.5, soil to solution ratio 1:20) solution, and the
extract was obtained by �ltration. The P content in the extract was determined by molybdate colorimetry
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(Olsen et al. 1954). Soil AK content was determined by 1 mol L− 1 NH4OAc extraction followed by �ame
photometry.

Analysis of soil bacterial diversity

Genomic DNA was extracted in duplicate from 0.10 g frozen soil using a PowerSoil® DNA Isolation Kit
(MoBio, Carlsbad, CA, USA) following the manufacturer’s instructions. The DNA concentration and quality
were assessed by the A260/280 and A260/230 ratios using a NanoDrop ND-2000 spectrophotometer
(Thermo Scienti�c Wilmington, DE, USA). The isolated DNA was stored at -80°C for further analysis. Using
the extracted DNA sample as a template, the bacterial 16S rRNA V3-V4 region was ampli�ed with primer
338F: 5’-ACTCCTACGGGAGGCAGCA-3’, 806R: 5’-GGACTACHVGGGTWTCTAAT-3’. PCR reaction systems
were all 25 µL, including DNA sample 3 µL, each primer 1 µL, and nuclease free water 20 µL. PCR reaction
conditions were as follows: 94 ºC for 5 min; followed by 30 cycles at 94 ºC for 30 s, 52 ºC for 30 s, and 72
ºC for 30 s; and a �nal extension at 72 ºC for 10 min. The fragment length and concentration of PCR
products were detected by 1% agarose gel electrophoresis. After the concentration of PCR products was
compared by GeneTools analysis software (Version4.03.05.0, SynGene), the required volume of each
sample was calculated according to the principle of equal mass, and the PCR products were mixed. Using
E.Z.N.A.® Gel Extraction Kit recovered PCR mixed products, and TE buffer eluted and recovered target
DNA fragments. As per NEBNext® Ultra™ DNA Library Prep Kit for Illumina standard process for building
database. The constructed sequencing library was inspected, and the quali�ed library was sequenced
with Illumina Hiseq PE250. Trimmatic software (V0.33) was used to �lter the quality of two terminal raw
reads data respectively to obtain the paired-end clean reads after quality control. According to the
barcode and primer information at the beginning and end of the sequence, the barcode and primer were
removed by using Mathur software (V1.35.1), and �nally effective splice fragments (Clean Tags) were
obtained. Using USEARCH software (V10) to cluster all clean tags of all samples. By default, the
sequences were clustered into operational taxonomic units (OTUs) with 97% consistency. One OTU
represented one species. The default clustering method was UPARSE. At the same time, the sequence
with the highest frequency will be used as the representative sequence of each OTU for subsequent
annotation. Using assign _ taxonomy.py script in QIIME software will compare the representative
sequence of each OTU after removing chimera and Singleton with Silva database to obtain species
annotation information. Take the sample with the least number of sequences as the standard, normalize
all samples for subsequent analysis.

Analysis the metabolic pro�ling of rhizosphere soil

Soil sample was weighed 0.50 g, and then added 20 µL internal standard (L-2-chlorophenylalanine, 0.06
mg/mL, methanol con�guration) and 1 mL of methanol water (V: V = 1:1). Two small steel balls were
added successively, and put them into a grinder for grinding (60 Hz, 2 min) after precooling at -20 ℃ for 2
min. The homogenized sample was transferred to a 15 mL centrifuge tube, and was centrifuged for 10
min (7700 rpm, 4 ℃). 2.5 mL supernatant was taken into a 5 mL centrifuge tube and freeze dry. The 400
µL methanol water (V: V = 1:4) was used for dissolving freeze-dried sample, and then vortex oscillation for
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60 s, ultrasonic for 30 s, centrifugation for 10 min (12000 rpm, 4 ℃). 150 µL supernatant was sucked
with a syringe, and then transferred to LC injection vial and stored at -80 ℃ after using 0.22 µm organic
phase pinhole �lter. LC-MS analysis was performed using the following conditions: the chromatographic
column used ACQUITY UPLC HSS T3 (100 mm×2.1 mm, 1.8 um), column temperature: 45 ℃, mobile
phase: A-water (containing 0.1% formic acid), B-acetonitrile (containing 0.1% formic acid), �ow rate: 0.35
mL/min, injection volume: 2 µL. The mass spectrum condition was ESI ion source. The sample mass
spectrum signals were collected by positive and negative ion scanning mode.

Data statistics and analysis

Venn diagram was used to count the number of common and unique OTUs among different treatments.
One-way ANOVA was performed using IBM SPSS Statistics 22.0 (IBM, USA). In order to more intuitively
showed the expression differences of metabolites between different treatments, the volcanic plot was
used to visualize the P-value and Log2 (Fold Change) value and screen the differential expressed
metabolites (DEMs). Biological pathway analysis was performed based on 16s rRNA and LC-MS data
using MetaboAnalyst 4.0. Heatmaps displayed differential genus and the DEMs between different
treatments. Redundancy analysis (RDA) was used to evaluate the effect of environmental factors on the
distribution characteristics of bacterial community of Shangshu 19 rhizosphere (Canoco 5.0). The
network diagram was used to show the correlations between microorganisms and DEMs. Both heatmaps
and network diagram were carried out on the cloud platform of Ouyi company (Shanghai, China).

Results
Soil chemical properties

Compared with CK treatment, long-term fertilization (NK and NPK) signi�cantly increased the contents of
soil SOM, TN, AP and AK, especially in NPK treatment (Table 1), the contents of soil SOM, TN and AP
increased by 31.8%, 54.5% and 81.3%, respectively (P < 0.05), while soil pH and NH4

+-N content decreased
signi�cantly (P < 0.05). There was no signi�cant difference in soil TP content between CK and NK
treatments, which were signi�cantly lower than that of NPK treatment (P < 0.05). The contents of NO3

−-N
and AK were the highest in NK treatment, which were 41.2% and 84.3% higher than those in NPK
treatment, respectively (P < 0.05).
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Table 1
Soil chemical properties of different fertilization treatments

Treatment SOM

(g kg− 1)

pH TN

(g kg− 

1)

TP

(g kg− 

1)

NH4
+-N

(mg
kg− 1)

NO3
−-N

(mg
kg− 1)

AP

(mg
kg− 1)

AK

(mg kg− 

1)

CK 12.25 ± 
0.28 c

8.70 ± 
0.02 a

0.77 ± 
0.07 c

0.78 ± 
0.04 b

0.88 ± 
0.13 a

3.74 ± 
0.41 c

4.80 ± 
0.37 c

52.25 ± 
3.30 c

NK 12.85 ± 
0.32 b

8.46 ± 
0.05 b

0.94 ± 
0.05 b

0.72 ± 
0.03 b

0.48 ± 
0.10 b

7.44 ± 
0.31 a

5.28 ± 
0.77 b

138.25 ± 
0.96 a

NPK 16.15 ± 
0.16 a

8.40 ± 
0.01 c

1.19 ± 
0.19 a

1.14 ± 
0.08 a

0.13 ± 
0.05 c

5.27 ± 
0.22 b

8.70 ± 
0.97 a

75.00 ± 
0.82 b

*The data in the table are mean ± standard deviation (n = 3). Different letters in the same column
indicate signi�cant differences (P < 0.05)

Microbial community of rhizosphere

Based on the results of high-throughput sequencing of 16S rRNA, a total of 15 213 bacterial OTUs were
identi�ed in Shangshu 19 rhizosphere, and 5 146 OTUs were shared among different treatments (Fig. 1A).
Compared with CK treatment, the number of OTUs of Shangshu 19 rhizosphere in NK and NPK
treatments decreased by 35.1% and 22.7%, respectively. Indicating that long-term fertilization will reduce
the bacterial OTUs number of Shangshu 19 rhizosphere. The number of OTUs of Shangshu 19
rhizosphere in NK treatment were 15.9% lower than that of NPK treatment (P < 0.05). The OTUs detected
in this study can be further divided into 11 phyla, 13 classes, 23 orders, 21 families and 14 genera
(relative abundance > 1%). Proteobacteria, Gemmatimonadota, Bacteroidota and Actinobacteriota were
the dominant phylum, accounting for 74.7%-76.3% (Fig. S1). At the genus level, MND1 (5.5%-6.1%),
Sphingomonas (4.1%-5.0%), TRA3-20 (2.1%-2.4%) and Nitrospira (1.9%-2.2%) were the dominant genera
(Fig. 1B). Different fertilization treatments had no signi�cant effect on the relative abundance of top15
bacterial genera (P > 0.05), but there were signi�cant differences in the relative abundance of some rare
genera among different treatments (Fig. 1C). Compared with CK treatment, the relative abundances of
Bacillus and Ellin6067 of Shangshu 19 rhizosphere decreased signi�cantly in NK and NPK treatments (P 
< 0.05), and the relative abundances of Acidibacter decreased signi�cantly without long-term application
of phosphate fertilizer (NK), while that increased signi�cantly with long-term application of phosphate
fertilizer (NPK) (P < 0.05). Compared with NPK treatment, the relative abundances of Bacillus, Azoarcus
and IMCC26256 of Shangshu 19 rhizosphere in NK treatment were signi�cantly increased by 150.5%,
615.2% and 78.0%, respectively (P < 0.05), and the relative abundances of OM27_clade, Acidibacter,
Polyclovorans and Bryobacter decreased signi�cantly (P < 0.05). According to the results of heatmap
clustering, the rhizosphere bacterial communities between CK and NK treatments were similar, and they
were different from NPK treatment, but there was no signi�cant difference in α-diversity among three
treatments (P < 0.05) (Fig. 1D).
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The prediction results of COG and KEGG based on 16s rRNA sequences were shown in Fig. 2. The
predicted homologous protein clusters reached 4 445, of which 237 were signi�cantly different (P < 0.05).
Among them, the top 10 COGs of functional prediction was mainly related to metabolism, including four
Carbohydrate transport and metabolism (ABC-type sugar transport system, ATPase component;
Ribose/xylose/arabinose/galactoside ABC-type transport systems, permease components; ABC-type
sugar transport systems, permease components; Alpha-L-arabinofuranosidase), two Energy production
and conversion (Coenzyme F420-reducing hydrogenase, beta subunit; Phosphoenolpyruvate
carboxykinase), one amino acid transport and metabolism (Acetolactate synthase), one Cell
wall/membrane/envelope biogenesis (D-alanyl-D-alanine carboxypeptidase) and one Secondary
metabolites biosynthesis, transport, and catabolism (Cyanophycinase and related exopeptidases), their
relative abundances in NK treatment were signi�cantly higher than those in CK and NPK treatments
(Fig. 2A). Among them, Carbohydrate transport and metabolism were mainly related to sugar
metabolism. The results of KEGG function prediction showed that there were signi�cant differences in 10
metabolic pathways at KEGG_L3 level (P < 0.05). Among them, the relative abundance of Inositol
phosphate metabolism and Transporters in NK treatment was signi�cantly higher than that in NPK
treatment (Fig. 2B).

Metabolic pro�ling of rhizosphere

Based on the results of LC-MS analysis, 4 511 kinds of DEMs were identi�ed, including 1 710 unclassi�ed
metabolites. The remaining DEMs were mainly Lipids and lipid like molecules (1 155), followed by
Organic acids and derivatives (401). The metabolites were screened according to VIP > 1 and P < 0.05,
and there were 35 DEMs between NK and NPK treatments (Fig. 3A). These DEMs were mainly Lipids and
lipid like molecules (13) and Organooxygen compounds (9), followed by Organic acids and derivatives (4)
(Fig. 3B). Compared with NPK treatment, 12 DEMs were signi�cantly up-regulated and 23 DEMs were
signi�cantly down-regulated in NK treatment (P < 0.05). Speci�cally, the expression of Organic
compounds and Organic acids and derivatives decreased signi�cantly in NK treatment, while 8 of the 12
metabolites with signi�cantly increased expression were Lipids and lipid like molecules (P < 0.05),
including Eplerenone, (3Z, 6Z)-3, 6-Nonadien-1-ol, Ganoderal A, 9-B1-PhytoP, MG (18:1 (9Z) /0:0/0:0) [rac],
Petasalbin, Prenyl glucoside and (2xi, 6xi) -7-Methyl-3-methylene-1, 2, 6, 7-octanetetroleplerenone (Fig.
S2). According to the results of KEGG enrichment analysis, 36 differential metabolic pathways were
enriched in Shangshu 19 rhizosphere. Among them, the Galactose metabolism pathway had a very
signi�cant difference among different treatments (P < 0.001), followed by Phospholipase D signaling
pathway (P = 0.011), D-Glutamine and D-glutamate metabolism (P = 0.013) (Fig. 3C). DEMs involved in 36
differential metabolic pathways included L-Glutamate, Galactonic acid, D-Gal alpha 1->6D-Gal alpha 1-
>6D-Glucose, Alpha-Linolenic acid and Mevalonate-P (Fig. S3), and their expression levels were lower in
NK treatment than NPK treatment (P < 0.05). Among them, the expression of phosphate monoesters
(Mevalonate-P) decreased the most (decreased by 71.0%).

Correlation analysis of environmental factors and soil bacterial community
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The results of RDA analysis showed that the rhizosphere bacterial community of Shangshu 19 were
separated according to different fertilization treatments (Fig. 4). RDA1 axis and RDA2 axis explained
73.6% and 21.2% of the total variation of bacterial community structure, respectively. The conditional
effect analysis showed that the contents of soil AK and NO3

−-N were the main factors affecting the
distribution of bacterial community in the rhizosphere of Shangshu 19, explaining 38.8% and 34.7% of
the variation of bacterial community structure, respectively (P < 0.05). RDA1 axis was mainly related to
the contents of NO3

−-N and AK. RDA2 axis was greatly affected by NH4
−-N. The rhizosphere bacterial

communities of NK and NPK treatments were mainly separated from each other along the RDA1 axis, but
they were similar on the RDA2 axis. They were separated from each other that of CK treatment along the
RDA2 axis. The relative abundances of Bacillus, Azoarcus and IMCC26256 were signi�cantly positively
correlated with AK and NO3

−-N contents, and negatively correlated with AP content (P < 0.05). The relative
abundances of OM27_Clade, Acidibacter, Polyclovorans and Bryobacter, on the contrary, showed a
signi�cant negative correlation with soil NO3

−-N content and a signi�cant positive correlation with AP
content (P < 0.05). The relative abundance of Alterythrobacter was positively correlated with soil available
nutrients (NO3

−-N, AP, AK) (P < 0.05).

As shown in Fig. 5, the positive correlations between the bacteria genus with DEMs were more than the
negative correlations. Among them, IMCC26256, Polyclovorans, Bryobacter and DEMs had the most
connections. Speci�cally, the negative correlations between IMCC26256 and DEMs was more than the
positive correlations, and it only positively correlated to (3Z, 6Z)-3, 6-Nonadien-1-ol, Ganoderal A and N, N,
O-Tridesmethyltramadol. The correlation coe�cients were 0.94, 0.86 and 0.88, respectively (P < 0.05).
Azoarcus was also had positive correlations with (3Z, 6Z)-3, 6-Nonadien-1-ol (r = 0.94, P = 0.02) and N, N,
O-Tridesmethyltramadol (r = 0.99, P < 0.001), respectively. They were all negatively correlated with the
expression of mevalonate-P (P < 0.05). Bacillus was only positively correlated to (2xi, 6xi) -7-methyl-3-
methyl-1, 2, 6, 7-octanetrol (r = 0.86, P = 0.03).

Discussion
Changes and causes of the bacterial community structure of Shangshu 19 rhizosphere

Rhizosphere is the hub of material, energy �ow and information exchange in plant-soil ecosystem, and is
considered to be the key area of nutrient cycle (Fabianska et al. 2019). There are a large number of
microorganisms in the rhizosphere, which can use their own metabolic functions to drive the rhizosphere
soil nutrient cycle and directly affect the soil nutrient turnover and supply level (Zhalnina et al. 2018). Our
results showed that the application of P fertilizer or not changed the relative abundance of rare genus in
Shangshu 19 rhizosphere, indicating that they played an important role in responding to the soil P level.
The relative abundances of Bacillus, Azoarcus and IMCC26256 of Shangshu 19 rhizosphere in the long-
term no P fertilizer (NK) treatment were signi�cantly higher than those in the NPK treatment (Fig. 1C),
which played an important role in the soil N cycle, including biological N �xation and nitri�cation
(Jorquera et al. 2011; Sui et al. 2020). The results of soil NH4

+-N and NO3
−-N contents in NK treatment
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were higher than that of in NPK treatment (Table 1) supported this point. Generally speaking, the growth
of microorganisms must maintain a stable N/P ratio. On the one hand, increasing N input will increase
the demand of microorganisms for inorganic P (Pi), promote the assimilation of P by soil
microorganisms, and enhance the ability of microorganisms to dissolve Pi and mineralize Po, so as to
obtain more Pi for microbial growth (Xiao et al. 2018). For example, most results from natural forests,
short-term �eld trials or pot experiments showed that N input contributes to microbial P �xation under low
P conditions (Spohn et al. 2018). In addition, many studies have shown that nitrate signal can trigger the
regulation of plant phosphate starvation response, such as improve the activity of soil phosphatase or
increase the expression of gene abundance involved in Pi dissolution and Po mineralization (Deng et al.
2016; Dai et al. 2020). Jorquera et al. (2010) reported that Bacillus encoded phytase (BPP) gene, which
had the function of mineralizing inositol phosphate. This study also obtained consistent results. KEGG
enrichment analysis of 16S rRNA gene sequencing results showed that the relative abundance of inositol
phosphate metabolism in NK treatment was signi�cantly higher than that in NPK treatment (Fig. 2B).
This may be one of the reasons why the soil AP content of NK treatment was higher than that of CK
treatment (Table 1). Soil AP content of NPK treatment was naturally higher due to the input of P fertilizer
(Table 1). The result of soil AP content in NK treatment was signi�cantly lower than that in NPK treatment
also suggested that although the functional potential of P receptors was enhanced due to N fertilizer
input, the functional potential of genes involved in P absorption and transport and the P assimilation
process of corresponding microorganisms were still limited. The COG analysis results based on 16S
rDNA gene sequencing results showed that the rhizosphere microorganisms of Shangshu 19 were mainly
related to sugar metabolism (Fig. 2A), because the microorganisms need to use C sources to provide
energy in the process of maintaining nutritional homeostasis (Paul 2014).

The results of RDA analysis showed that the content of soil AK was the primary factor leading to the
change of bacterial community structure of Shangshu 19 rhizosphere between different fertilization
treatments (Fig. 4), followed by the content of soil NO3

−-N, which may be related to the fact that
sweetpotato is a K-loving crop (Tanaka 2016). Previous studies have shown that soil pH was the main
factor affecting the microbial community structure of grassland, forest and arable (Wang et al. 2012;
Ragot et al. 2015). This study did not get the same results. Although the long-term application of N
fertilizer (NK and NPK treatment) signi�cantly reduced the soil pH (Table 1), the impact of long-term N
input on the microbial community was less than the N effect itself (i.e., the stoichiometric ratio of N and
P). It is worth noting that long-term low P conditions (i.e., no P input for many years) may lead to
irreversible changes in the microbial community, leading to the transformation of Po mineralized
microorganisms into relatively inactive and dormant states (Gyaneshwar et al. 2002). As shown in the
results of this study, the dominant soil bacteria such as MND1 and Nitrospira in different fertilization
treatments were also related to the N cycle (Fig. 2B), and their relative abundance did not change with the
input of P fertilizer.

Changes and causes of the metabolite pro�les of Shangshu 19 rhizosphere
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Root systems rapidly extended their functionality and complexity with the domestication and
improvement of plants from natural ecosystems to modern agriculture (Kenrick and Strullu-Derrien,
2014). Plant roots showed strong developmental plasticity through their secretory activities, including
low-molecular-weight compounds (such as phenolics, amino acids, nucleotides, sugars, terpenoids, and
lipids and high-molecular-weight compounds (such as nucleic acids, polysaccharides, and proteins),
enable it to respond to various environmental conditions (Berendsen et al. 2012). The types of
compounds and their relative abundances depend on the species of plants, their growth and
developmental stages, and presence of stress (abiotic, biotic) factors (Korenblum et al. 2020). The
research showed that plant-derived �avones enrich in rhizosphere improving maize performance under N
deprivation (Yu et al. 2021), and coumarins contribute to the developing of Arabidopsis under iron
de�ciency (Voges et al. 2019).

In this study, KEGG enrichment analysis of detected DEMs showed that the expression of Mevalonate-P in
rhizosphere decreased the most in NK treatment (Fig. S3), while the expression of sesquiterpenoids
(Petasalbin) and triterpenoids (Ganoderal A) substances related to this substance increased signi�cantly.
They were the intermediates and metabolites of mevalonate pathway, respectively. Indicating that low P
stress promoted the progress of mevalonate pathway. This was demonstrated by the KEGG enriched
differential metabolic pathway terpenoid backbone biosynthesis (P < 0.05) (Fig. 3C). Galactose
metabolism and phospholipase D signaling pathway were the top 2 differential metabolic pathways
detected by KEGG enrichment analysis (Fig. 3C), which was consistent with the correlations between
rhizosphere bacterial function and sugar metabolism and inositol phosphate metabolism predicted
based on COG and KEGG analysis (Fig. 2A). Because the raw material of mevalonate pathway was Acetyl
CoA produced by glycolysis pathway (Chappell 1995). The results of Helletsgruber et al. (2017) showed
that bacteria belonging to the genera Bacillus and Sphingomonas could exploit certain plant volatile
organic compounds (i.e., terpenoid) as C source. Phospholipase D signaling pathway was the result of
synergistic effect of phosphatidylinositol and Ca2+ or stimulation of unsaturated fatty acids (Zheng et al.
2000), which to some extent explained that up-regulated DEMs contained more kinds of unsaturated fatty
acids. These results showed that the rhizosphere microorganisms of Shangshu 19 used sugars as energy
materials to respond to low P stress by changing inositol phosphate metabolism. But the mechanism
needs further study.

The rhizosphere deposition of root exudates mediates the in�uence of microbial community on plant
nutrition, especially under the condition of nutritional stress, which plays an irreplaceable role in
alleviating environmental stress and activating soil nutrients. There was growing evidence that plants can
release up to 20%-40% of their photo assimilate-derived C via their roots as exudates (Wang et al. 2021).
They either change the chemical properties of rhizosphere and change the living environment of soil
microorganisms (Ren et al. 2021), or act as a medium for microbial growth (Rogers et al. 2020) so as to
change the rhizosphere microbial community and affect the nutrient cycle process. Recent �ndings
demonstrated that speci�c metabolites such as benzoxazinoids (Cotton et al. 2019), salicylic acid (Kong
et al. 2020), siderophore (Sun et al. 2019) and �avones (Yu et al. 2021) in plants have been demonstrated
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to confer root-type-speci�c changes of microbial community to response nutrient stress. Our results
showed that the accumulation of lipids-like substances including (3Z, 6Z)-3, 6-Nonadien-1-ol, Ganoderal
A, Petasalbin and (2xi, 6xi) -7-Methyl-3-methylene-1, 2, 6, 7-octanetetrol in rhizosphere promoted the
enrichment of bacteria correlated to N cycling (i.e., IMCC26256, Azoarcus and Bacillus) under low P
stress. This was consistent with the previous research results. That was, the condition of su�cient N and
lack of P may stimulate microbial N metabolism and promote the release of P in organic N and P
compounds to maintain nutrient balance (Lu et al. 2020). This was also supported by the differential
expression of D-Glutamine and D-glutamate metabolism and nitrogen metabolism pathways that were
enriched by KEGG analysis (Fig. 3C). Based on the above results, future studies need to unravel the
complexity of root microbial interaction mediated by host derived metabolites and the molecular
mechanism of this interaction.

Conclusions
The relative abundances of dominant genus MND1, Sphingomonas and Nitrospira (abundance > 1%) in
Shangshu 19 rhizosphere had no signi�cant change under long-term no P fertilizer application (NK
treatment) (P > 0.05). However, the relative abundances of rare genus IMCC26256, Azoarcus and Bacillus
increased signi�cantly (P < 0.05). Based on the enrichment analysis of COG and KEGG, the sugar
metabolism and inositol phosphate metabolism function of bacteria in Shangshu 19 rhizosphere were
signi�cantly enhanced (P < 0.05). The same results were obtained by KEGG analysis of the metabolism
pro�les of Shangshu 19 rhizosphere by LC-MS. Galactose metabolism and phospholipase D signaling
pathway were the top 2 differential metabolic pathways (P < 0.05). These results showed that the
microorganisms of Shangshu 19 rhizosphere used sugars as energy materials to respond to low P stress
by changing inositol phosphate metabolism. This may be related to the signi�cant increase in the
expression of lipids-like substances in Shangshu 19 rhizosphere.
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Figure 1

Venn diagram of unique and shared bacterial OTUs (A), top 15 dominant genera (B), top 10 differential
genus (C) and α-diversity of bacterial community Shangshu 19 rhizosphere among different treatments
(D). Note: CK, NK and NPK represent non fertilization treatment, nitrogen and potassium application
treatment and nitrogen, phosphorus and potassium application treatment, respectively. Same below
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Figure 2

Prediction results of COG (top 10, P<0.05) (A) and KEGG_L3 (P<0.05) (B) functions based on 16S rRNA
sequences
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Figure 3

Volcano diagram of differentially expressed metabolites (DEMs) (A) and its taxonomy (B), KEGG enriched
differential metabolic pathways (C) of Shangshu 19 rhizosphere

Figure 4

The effects of soil properties on bacterial community structure of Shangshu 19 rhizosphere
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Figure 5

Networks analysis of differential genus with DEMs of Shangshu 19 rhizosphere 
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