Horticulture Research, 2024, 11: uhae067

Horticulture
Research

https://doi.org/10.1093/hr/uhae067

Article

Harnessing the power of microbes: Enhancing soybean
growth in an acidic soil through AMF inoculation rather
than P-fertilization

Zhongling Wen' 2+, Minkai Yang!-2:#, Aliya Fazal»>f, Hongwei Han'2:3-#, Hongyan Lin"-?, Tongming Yin?, Yuelin Zhu*, Shouping Yang*, Kechang Niu’,
Shucun Sun!, Jinliang Qi'+?, Guihua Lu'»?>*, and Yonghua Yang ()12

tInstitute for Plant Molecular Biology, State Key Laboratory of Pharmaceutical Biotechnology, School of Life Sciences, Nanjing University, Nanjing 210023, China
2Co-Innovation Center for Sustainable Forestry in Southern China, Nanjing Forestry University, Nanjing 210037, China

3School of Life Sciences and Chemical Engineering, Jiangsu Second Normal University, Nanjing 210013, China

“State Key Laboratory of Crop Genetics and Germplasm Enhancement, Nanjing Agricultural University, Nanjing 210095, China

SJiangsu Key Laboratory for Eco-Agricultural Biotechnology around Hongze Lake, Huaiyin Normal University, Huai’an 223300, China

‘Corresponding authors. E-mails: yangyh@nju.edu.cn; ghlu@hytc.edu.cn

*These authors contributed equally to this work.

Abstract

The low phosphorus (P) availability of acidic soils severely limits leguminous plant growth and productivity. Improving the soil P
nutritional status can be achieved by increasing the P-content through P-fertilization or stimulating the mineralization of organic P via
arbuscular mycorrhizal fungi (AMF) application; however, their corresponding impacts on plant and soil microbiome still remain to be
explored. Here, we examined the effects of AMF-inoculation and P-fertilization on the growth of soybean with different P-efficiencies, as
well as the composition of rhizo-microbiome in an acidic soil. The growth of recipient soybean NY-1001, which has a lower P-efficiency,
was not significantly enhanced by AMF-inoculation or P-fertilization. However, the plant biomass of higher P-efficiency transgenic
soybean PT6 was significantly increased by 46.74%-65.22% through AMF-inoculation. Although there was no discernible difference in
plant biomass between PT6 and NY-1001 in the absence of AMF-inoculation and P-fertilization, PT6 had approximately 1.9-2.5 times
the plant biomass of NY-1001 after AMF-inoculation. Therefore, the growth advantage of higher P-efficiency soybean was achieved
through the assistance of AMF rather than P-fertilization in available P-deficient acidic soil. Most nitrogen (N)-fixing bacteria and some
functional genes related to N-fixation were abundant in endospheric layer, as were the P-solubilizing Pseudomonas plecoglossicida, and
annotated P-metabolism genes. These N-fixing and P-solubilizing bacteria were positive correlated with each other. Lastly, the two most
abundant phytopathogenic fungi species accumulated in endospheric layer, they exhibited positive correlations with N-fixing bacteria,
but displayed negative interactions with the majority of the other dominant non-pathogenic genera with potential antagonistic activity.

Introduction

Acidic soils stand for the majority of the world’s potential agricul-
tural land [1], and their characteristics of low pH value, high alu-
minum (Al) toxicity, and low bioavailable phosphorus (P) directly
impact crop roots and inhibit the absorption of water and nutri-
ents, thereby reducing crop growth and yield [2]. Besides being an
important source of protein and oil, soybeans are also regarded
as one of the pioneers of soil amendments and agricultural pro-

growth promoting rhizobacteria (PGPR) or plant growth promoting
fungi (PGPF), due to their capacity in solubilizing phosphates,
producing hormones, fixing nitrogen, affecting plant metabolism
(e.g., increasing mineral and water uptake), improving root
development and increasing enzymatic activity, or suppressing
other plants that pathogens dissolve phosphates [7]. Some PGPRs
and PGPFs, such as nitrogen fixing bacteria and mycorrhizal fungi
are responsible for up to 80% of nitrogen and 75% of phosphorus

duction due to their nitrogen (N) fixation capabilities [3]. As
a result of the fact that the majority of soybean productions
in the world predominantly take place in low-pH areas, many
Al-sensitive soybeans as major varieties predominantly used in
soybean-producing regions are still limited or suppressed to some
extent [4].

Soil microorganisms, the ‘unseen majority’ of terrestrial
ecosystem, contribute to the growth, fitness, and health of
aboveground plants [5, 6]. Plant growth and development can be
enhanced by a wide range of microorganisms, referred to as plant

absorption by plants [8]. For example, rhizobia directly fix nitrogen
in the air, while mycorrhiza fungi help plants obtain phosphate
indirectly by employing the extensive hyphal network to increase
the soil volume that can be explored by plants for phosphate [4,
9]. By promoting plant absorption of nutrients and improving
plant resistance to biotic/abiotic stresses, these PGPRs/PGPFs
such as rhizobia and arbuscular mycorrhizal fungi (AMF), are
important in regulating plant productivity, particularly in low
fertility ecosystems [10, 11]. Therefore, there is great agricultural
importance to PGPRs/PGPFs in terms of improving soil fertility
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Table 1. Characteristic and yield of plants.

NY-1001 PT6
Trait (Mean + SD) (Mean +SD)
CK Ri P Ri+P CK Ri P Ri+P

Plant dry weight (g 094+037 077 +0.16  087+019  0.55+0.14 0924013 152+0.33A 088+024® 1.35+0.08 4B
100-seed Weight (g) 6.33 £2.52 4.76 £ 2.09 5.86 £2.48 6.53 £0.68 6.64+£1.13 6.36 £1.17 5.82+1.24 6.27 £1.96
C content (%) 41.04 £0.2 41.31+£1.25 40.99 £ 0.04 43.89 £ 2.29 41.83 +£0.89 41.94 + 0.65 40+ 0.96 41.67 £0.48
N content (%) 3.14 £ 0.24 3.83+1.11 2.57 £1.65 4.34+1.09 3.31£0.55 3.08 £1.35 2.09 £0.44 2.88 £0.29
C:N ratio 13.12 £0.99 11.38 £3.10 12.07 £2.59 1055 £ 2.71 12.83 £ 1.75 15.15+£5.18 19.63 £ 3.67 14.58 £ 1.46

NY-1001 and PT6 represent the lower P-efficiency recipient soybean ‘NY-1001’ and higher P-efficiency soybean ‘PT6’. CK, Ri, and P represent no treatment, AMF
inoculation and phosphorus fertilization, respectively. Plant dry weight and character of seeds were measured at maturity stage (n=3). C and N represent plant
carbon and nitrogen contents at maturity stage (n=3). SD stands for standard deviation. The significance test was performed using a one-way ANOVA. The
values in bold indicate the significant difference (P < 0.05) between the NY-1001 and PT6 groups, while the values without the same superscript letter indicate
the significant difference (P < 0.05) between treatments within NY-1001 or PT6 groups.

and crop yield while reducing the negative environmental impact
of chemical fertilizers [7, 10].

In the past decades, impressive progress has been achieved
in the production, commercialization, and use of microbial inoc-
ulants, because of their advantages over agrochemicals on the
basis of mitigating environmental impacts and improving yields
at low cost [10, 12]. Moreover, with the advancement of omics and
bicinformatics technologies, the use of PGPRs and PGPFs as biofer-
tilizers has become an increasingly viable strategy for manag-
ing complex rhizosphere interactions in suppressing disease and
enhancing production and performance of other plants [7, 13].
Although the biofertilizer fertilizer techniques have been reported
to be useful in agricultural production [14], the differential effec-
tiveness and mechanism of their joint applications on soybean
with different P-efficiencies in available P-deficient acidic soil
need to be fully elucidated and further investigated. Genetic
improvement and breeding can generate good economic benefits
while combining soil functional microorganisms is expected to
become a fast and green new method for soil improvement and
crop growth promotion; however, the AMF were found to have
impacts on the expressions of phosphate (Pi) transporters (i.e.,
OsPT1-13) in rice [15], thus the microbial agents may also play
a counterproductive role by severely restricting the expression of
target genes in transgenic soybean.

To address these issues, a higher P-efficiency genetically mod-
ified (GM) soybean ‘PT6’, and its recipient soybean variety ‘NY-
1001’, were used in the present study to assess the alterations
in the abundance, composition and function of soil microorgan-
ism in response to AMF inoculation together with or without P-
fertilization. We aimed to test the following hypotheses: (i) the
AMF inoculation and P-fertilization can improve soybean growth
and development in acidic soil by altering the rhizosphere micro-
biome (rhizo-microbiome); (ii) the improvement of phosphate
metabolism efficiency of host soybeans can enhance the soybean
developmentin acidic soil, while the effectiveness of this improve-
ment in nutrition and growth depends directly on the ability of
soybean to efficiently use phosphorus; and (iii) the selective effect
of soybean rhizosphere niche can play a crucial role in improving
soybean growth under environmental stress by either enriching
beneficial microorganisms that promote plant growth or reducing
pathogenic microorganism.

Results
Physicochemical properties of soils and plants

AMF inoculation and P-fertilization had no significant effect on
the carbon (C) content, nitrogen (N) content or C:N ratio of soy-

bean at maturity (Table 1). Meanwhile, there was no difference
in the hundred-grain weight between the AMF inoculation and
phosphorus (P) fertilization treatment groups (Table 1). The AMF
inoculation and P-fertilization had no significant impact on dry
weight of recipient NY-1001; however, the AMF inoculation with-
out/with P-fertilization was found to have a great improvement
in dry weight of higher P-efficiency soybean PT6 by 65.22% and
46.74% at maturity (Table 1). Under the condition without AMF
inoculation and P-fertilization, the plant biomass of PT6 has no
significant difference as compared to NY-1001 (Table 1). Never-
theless, the plant biomass of PT6 was surprisingly found to be
much higher than NY-1001 by 97.40% and 145.45% under the
AMF inoculation without/with P-fertilization at maturity stage
(Table 1). Lastly, the activities of five key enzymes involved in the
carbon, N and P cycles in soil did not significantly change between
the AMF inoculation and P-fertilization treatment groups (Fig. S1,
see online supplementary material).

Alpha and Beta diversity of root-associated
microorganism communities

In bacterial and fungal communities, it was found that there
was no significant difference in alpha diversity (P > 0.05) between
different AMF inoculation and P-fertilization treatment groups
(Fig. 1A and B; Fig. S2A and B, see online supplementary mate-
rial). The P-efficiency of soybean also has no impact on alpha
diversity (Fig. 1A and C; Fig. S2A and C, see online supplemen-
tary material). From SS (surrounding soil) to RS (rhizospheric soil)
to Rt (intact roots), the values of the Chaol and Shannon indices
decreased and the coverage index increased (Fig. 1D), which indi-
cate a decline in community diversity and richness while there is
an increase in community coverage from the outside to the inside
of the root.

The PCoA and NMDS showed no significant distinction in
the distance between the different four AMF inoculation and
P-fertilization treatment groups or between two different P-
efficiencies of soybean groups in bacterial and fungal commu-
nities (Fig. 2A and B; Fig. S3A and B, see online supplemen-
tary material). However, there existed a significant difference
in distance between niche Rt and the two soil niches (i.e., SS and
RS) (Fig. 2C; Fig. S3C, see online supplementary material). The
statistical analyses of ANOSIM and Adonis based on the Bray-
Curtis distance matrix revealed that there existed no significant
difference between different treatment groups, between NY-
1001 and PT6 groups or between different host niches groups
when the single variable was controlled (Tables S1 and S2, see
online supplementary material). Nevertheless, the analysis of
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Figure 1. The boxplot of alpha diversity of root-associated bacterial community. A The Chao value, Shannon value and Good’s coverage of bacterial
community of all groups. The first letter R and P represent the lower P-efficiency recipient soybean ‘NY-1001" and higher P-efficiency soybean ‘PT6’. I
and P in the middle represent AMF inoculation and P-fertilization, respectively. SS, RS, and Rt represent surrounding soils, rhizospheric soils, and intact
roots, respectively. The boxplot of combined groups was mapped by using four different AMF inoculation and P-fertilization treatment groups (B), two
different P-efficiencies of soybean groups (C) and three different sampling compartment groups (D), respectively. The left, middle and right panels are
Chao index, Shannon index and coverage index, respectively. Significance codes: P <0.05; **P <0.01; and **P <0.001.

the combined statistical data revealed that while no significant ~ Comparison of the compositions of microbial
distinctions were observed between the treatment groups or the communities at different taxonomic levels

NY-1001 and PT6 groups, substantial variations were identified The composition and abundance of the host niche Rt were
among the different host niches found in the soybean rhizosphere very different from those of SS and RS, according to the
(Table 2). histogram of the major phyla of the microbial community
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Figure 2. PCoA of microbial communities based on Bray-Curtis distance. A PCoA plots for four different AMF inoculation and P-fertilization treatment
groups. B PCoA plots for two different P-efficiencies of soybean groups. C PCoA plots for three different sampling compartment groups. The left panel
is PCoA of bacterial community while the right panel is PCoA of fungal community. “W/t addition’ and ‘AMF + P’ represent ‘no P-fertilization or AMF
inoculation’ and ‘AMF inoculation with P-fertilization’, respectively. NY-1001 and PT6 represent the lower P-efficiency recipient soybean ‘NY-1001" and
higher P-efficiency soybean ‘PT6’. SS, RS, and Rt represent surrounding soils, rhizospheric soils, and intact roots, respectively.

(Fig. S4A and B, see online supplementary material). Chlo-
roflexi was the most abundant phylum in niche SS, followed
by Proteobacteria, Acidobacteria, and Actinobacteria, while
Chloroflexi and Proteobacteria were the two major phyla
in niche RS (Table S3, see online supplementary material).
However, in niche Rt, Proteobacteria was the most abundant

phylum, which occupied around 58-79% of all the bacteria
(Table S3, see online supplementary material). Unlike the bac-
terial community, Ascomycota was the most abundant phylum in
fungal community, followed by Basidiomycota, Zygomycota, and
Chytridiomycota, which were consistent in all three host niches
of the soybean rhizosphere (Table S3, see online supplementary
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Table 2. Statistical analyses of root-associated microorganisms communities’ structure.

Adonis ANOSIM
Group vs. Group
R? P-value Statistic P-value
Control vs. P-treatment 0.01457 0.726 —0.01351 0.528
Control vs. RI-treatment 0.01491 0.737 —0.0098 0.461
Control vs. P + RI-treatment 0.02089 0.398 0.01274 0.235
P-treatment vs. RI-treatment 0.01536 0.728 —0.01436 0.568
P-treatment vs. 0.01677 0.646 —0.01109 0.478
Bacterial community P+ RI-treatment
RI-treatment vs. 0.01953 0.545 0.0057 0.305
P+ RI-treatment
NY-1001 vs. PT6 0.01022 0.491 0.00066 0.321
SSvs. RS 0.21381 0.001 0.5973 0.001
SSvs. Rt 0.6482 0.001 1 0.001
RS vs. Rt 0.57816 0.001 1 0.001
Control vs. P-treatment 0.01481 0.851 —0.03117 0.864
Control vs. RI-treatment 0.03153 0.268 0.01247 0.256
Control vs. P+ RI-treatment 0.02951 0.341 0.00873 0.279
P-treatment vs. RI-treatment 0.02474 0.462 —0.0085 0.448
P-treatment vs. 0.02897 0.347 —0.00069 0.355
Fungal community P+ RI-treatment
RI-treatment vs. 0.03336 0.275 0.00786 0.299
P+ RI-treatment
NY-1001 vs. PT6 0.01497 0.305 0.00219 0.295
SSvs. RS 0.14146 0.001 0.32605 0.001
SS vs. Rt 0.4767 0.001 0.9818 0.001
RS vs. Rt 0.35162 0.001 0.92994 0.001

ANOSIM means analysis of similarities and Adonis is used for PERMANOVA (permutational multivariate analysis of variance) based
on the Bray-Curtis distance metrics. P and I represent P-fertilization and AMF inoculation, respectively. NY-1001 and PT6 represent

the lower P-efficiency recipient soybean ‘NY-1001’ and higher P-efficiency soybean ‘PT6’. SS, RS, and Rt represent surrounding soils,
rhizospheric soils, and intact roots, respectively. The P-values in bold indicate the significant difference (P < 0.05 (*)) between groups

by the tests.

material). The AMF inoculation and P-fertilization treatments
had no significant effects on the composition of bacterial
community; however, these treatments surprisingly affected the
composition of the fungal community at phylum level (Table S3,
see online supplementary material). The AMF inoculation with P-
fertilization decreased the abundance of Ascomycota in RS and Rt,
and also significantly increased the abundance of Basidiomycota
in niche Rt for the lower P-efficiency recipient soybean NY-1001
(Table S3, see online supplementary material). Moreover, the
AMF inoculation increased the abundance of Zygomycota and
Cercozoa in SS for the higher P-efficiency soybean PT6 (Table S3,
see online supplementary material).

It was also discovered that there was a considerable amount of
variation across different host niches when comparing the com-
position of the microbiome at the genus level (Fig. S4C and D, see
online supplementary material). The bacterial genera Novosphin-
gobium, Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium, Sph-
ingomonas, and Pseudomonas were enriched in the niche Rt, while
the genera Bryobacter and Rhodoplanes were enriched in the soil
niches SS and RS (Fig. S4C, see online supplementary material).
In the fungal community, the relative abundance of the genus
Monographella was higher in the niche Rt, while the abundance
of Geminibasidium and Thielavia was significantly higher in
the niche SS (Fig. S4D, see online supplementary material).
Further random forest analysis at the genus level showed that
Thermosporothrix, Actinospica, and Piriformospora could be used
as indicator species (mean decrease Gini >3.0) for grouping
four different AMF inoculation and P-fertilization treatments
(Fig. SS5A and D, see online supplementary material). The genera
Acidothermus, Conexibacter, Thielavia, Gymnopilus, Aspergillus,

Acremonium, and Penicillium were the major genera that potentially
contributed to the grouping of three different host niches
(Fig. S5B and E, see online supplementary material), while the
genera Devosia and Graphostroma could be used for grouping
two different soybeans (Fig. S5C and F, see online supplemen-
tary material). Although the AMF inoculation and P-fertilization
treatments had no significant effects on the abundance of
main identified nitrogen-fixing (N-fixing) bacterial genera (e.g.,
Devosia, Bradyrhizobium, Bacillus, Rhizobium, and Pseudomonas)
(Fig. 3A; Table S4, see online supplementary material), there
existed a significant difference in the relative abundances of
some N-fixing bacterial genera in different host niches of the
soybean rhizosphere (Table 3). Most of these N-fixing bacterial
genera (7/10) with high abundance were enriched in niche Rt
as compared to niche RS and SS (e.g., Devosia, Streptomyces,
Pseudomonas, and Bradyrhizobium) (Table 3 and Fig. 3A). However,
the most abundant genus, Mycobacterium, and the well-known
PGPR genus Bacillus had lower relative abundance in niche Rt
than in soil niches SS and RS.

At the species level, Rhizobium etli and Pseudomonas plecoglossi-
cida were the most abundant species in the bacterial community,
and their relative abundance was higher in Rt than in SS and RS
(Fig. 3B). Monographella cucumerina was the most abundant species
in the fungal community, followed by Fusarium oxysporum and
Mortierella camargensis (Fig. 3C). The species M. cucumerina and F.
oxysporum were enriched, while Sordariales sp. and Geminibasidium
sp. were depleted in niche Rt (Fig. 3C). Then the quantification of
the nifH gene was determined by performing quantitative real-
time PCR, and the copy number of the nifH gene did not differ
significantly between different treatments or between different
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Figure 3. The bubble plot of top 10 nitrogen-fixing bacterial genera (>0.01) and the relative abundances of top 10 species of bacterial and fungal
communities. A A bubble plot (n=3) displaying the relative abundance of nitrogen-fixing bacteria at the genus level. B The relative abundances of top
10 species of bacterial community. C The relative abundances of top 10 species of fungal community. D Relative abundance of nifH gene in soybean
root-associated bacterial community; a value of 0 (logionifH) was assigned to the detected value of the rhizospheric soil at two sides of the control
lower P-efficiency recipient soybean NY-1001 (RSS). Treatments’ details were as in Fig. 1.

Table 3. The relative abundance (%) of top 10 nitrogen-fixing bacterial genera from three different host niches.

Genus SS RS Rt
Mycobacterium 0.493 + 0.048? 0.328 & 0.032° 0.118 +0.07¢
Burkholderia-Caballeronia-Paraburkholderia 0.258 4 0.068° 0.368 & 0.157° 0.914 4+ 0.4312
Devosia 0.212 + 0.059¢ 0.339 +0.123bP 1.176 4 0.1922
Streptomyces 0.169 + 0.0292 0.115 + 0.04° 2.701 + 2.5323b
Mesorhizobium 0.100 + 0.029¢ 0.169 + 0.045P 0.562 +0.1792
Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium 0.062 & 0.031° 0.153 £ 0.118° 9.796 + 3.4562
Pseudomonas 0.061 + 0.089P 0.167 +0.138P 4552 +2.0872
Bradyrhizobium 0.055 =+ 0.0096¢ 0.0841 + 0.0229° 0.5676 + 0.28522
Bacillus 0.0422 + 0.0082 0.0224 + 0.0041P 0.0059 + 0.0054¢
Methylobacterium 0.034 + 0.019° 0.073 + 0.045P 2.286 + 0.5942

SS, RS, and Rt represent surrounding soils, rhizospheric soils, and intact roots, respectively. The significance test was performed
using a one-way ANOVA. The values with different superscript letters indicate the significant difference (P < 0.05) between

different host niches of soybean rhizosphere.

soybeans (Fig. 3D). However, the abundance of the nifH gene in Rt
was significantly higher than in SS and RS (Fig. 3D), which was
consistent with the overall abundance distribution of N-fixing
bacteria at the genus and species level.

Functional analysis of microbial communities

Using the software PICRUSt2 and FUNGuild to compare the com-
position and abundance of functional genes in root-associated

microbial communities, no significant differences were found
between different treatments (Fig. S6A and B, see online supple-
mentary material). Then, a total of five clusters of orthologous
groups (COG) function classifications were discovered to be
directly related to N-fixation: COG0347, COG1348, COG2710,
COG5000, and COGS5554, which were also found to have no
significant difference between different AMF inoculation and
P-fertilization treatments (Fig. S6C-J, see online supplementary
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Figure 4. The relative abundance of COG function classification which was directly related to nitrogen-fixation and phosphorus cycle, was mapped by
using three different sampling compartment groups. The five nitrogen-fixation COGs from (A) to (E) were described as nitrogen regulatory protein PII
(A), nitrogenase subunit NifH (ATPase) (B), nitrogenase molybdenum-iron protein, alpha and beta chains (C), signal transduction histidine kinase
involved in nitrogen fixation and metabolism regulation (D), and nitrogen fixation protein (E), respectively. The three COGs directly related to soil
phosphorus cycle were described as predicted phosphatases (F), predicted phosphatase (G) and metal-dependent hydrolase involved in phosphonate

metabolism (H), respectively.

material). The relative abundances of COG0347, COG1348, and
COG2710 were higher in niches Rt and RS than in SS, while the
abundance of COG5554, also known as N fixation protein, was
significantly higher in Rt than in RS and SS (Fig. 4). However,
COG5000, characterized as a signal transduction histidine kinase
involved in N fixation and metabolism regulation, was depleted
in soil niche Rt as compared to SS and RS (Fig. 4D). Three COG
function classifications were also discovered to be directly related
to P-cycle. Results revealed that these three COGs exhibited
no significant difference following AMF inoculation and P-
fertilization (Fig. S6F-H). Among them, the relative abundance of
COG3211 and COG3454 (described as predicted phosphatase and
metal-dependent hydrolase involved in phosphonate metabolism,
respectively) was significantly higher in Rt compared to RS and
SS (Fig. 4G and H).

Co-occurrence patterns among microbes residing
soybean rhizosphere

To understand the feedbacks that occur among soybean
rhizosphere soils, the co-occurrence patterns of bacterial and
fungal communities were analysed (Fig. S7, see online supplemen-
tary material). Pearson-correlation analysis revealed a significant
positive correlation (r > 0, P < 0.05) between the N-fixing bacterial
genera. For example, the high abundance bacterium Methylobac-
terium exhibited co-occurrence correlations with Pseudomonas
(r=0.460, P=0.00004), Streptomyces (r=0.351, P=0.0025), Devosia
(r=0.786, P=2 x 107'®), Allorhizobium-Neorhizobium-Pararhizobium-
Rhizobium (r=0.716, P=2 x 10~*?) and Burkholderia-Caballeronia-
Paraburkholderia (r=0.487, P=0.00001) (Fig. S7A, see online
supplementary material). In the fungal community, the well-
known phytopathogenic and toxigenic fungi Fusarium have

positive co-occurrence correlations with Arthrobotrys (r=0.354,
P=0.0023) and Strelitziana (r=0.243, P=0.0398), whereas it
showed negative interactions with the rest of the genera
(Fig. S7B, see online supplementary material). Another pathogen,
Monographella, was also only found to have positive correlations
with Graphostroma (r=0.384, P=0.0009), Hannaella (r=0.322,
P=0.0058) and Cyphellophora (r=0.262, P=0.0260). The indicator
PGPF species Piriformospora, was negatively correlated with
all other genera except Acremonium (r=0.774, P=2 x 107%)
(Fig. S7B, see online supplementary material). Fig. S7C (see
online supplementary material) showed the analysis results of
the correlation patterns between bacteria and fungi, in which
Fusarium has positive co-occurrence correlations with Novosphin-
gobium (r=0.256, P=0.0303), and Monographella was found to have
significant positive correlations with Novosphingobium (r=0.587,
P=6 x 1078), Allorhizobium-Neorhizobium-Pararhizobium-Rhizobium
(r=0.655, P=4 x 10719), Sphingomonas (r=0.409, P=0.0003),
Streptomyces (r=0.386, P=0.0007) and Afipia (r=0.376, P=0.0012).

Discussion

The effects of the AMF inoculation on plant were
host-P-efficiency-dependent

To eliminate the possible uncontrollable effects of genotypic dif-
ferences in host soybean on the root-associated microbial com-
munities, the lower P-efficiency recipient soybean ‘NY-1001" and
higher P-efficiency transgenic soybean ‘PT6’ with same genetic
background were used as plant materials in this study. Our results
showed that AMF inoculation, as well as P-fertilization, affected
some traits of plants, significantly improved the dry weight of
higher P-efficiency soybean PT6 in particular (Table 1), which
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confirmed previous research that mycorrhizal inoculation and
increasing levels of P application had a positive effect on plant
shoot dry weight [16]. Moreover, compared with lower P-efficiency
NY-1001, AMF inoculation and P-fertilization treatments had bet-
ter improvement effects on higher P-efficiency soybean PT6 by
increasing its dry weight at maturity by 65.22% and 46.74% in
an available P-deficient environment (Table 1). OsPT6 is predomi-
nately expressed in the roots and leaves in response to Pi starva-
tion, and the transgenic plants PT6 (overexpression OsPT6) grew
better and exhibited significant increases in plant height, root
length, root weight, number of pods and seeds, and seed weight
per plant compared with the receptor plants under low-Pi of stan-
dard Hoagland’s nutrient solution [39]. However, in the present
study, the plant biomass of PT6 had no significant difference as
compared to NY-1001 under the condition without AMF inocula-
tion and P-fertilization, while the plant biomass of PT6 was much
higher than NY-1001 by 97.40% and 145.45% under the AMF inoc-
ulation without or with P-fertilization at maturity stage (Table 1).
Thus, there might be multiple factors that limit the growth and
development of soybean in acidic soils beside the lack of available
phosphorus, such as the soil acidity, aluminum toxicity, or N-
limitation. Focusing on changes in the composition and func-
tion of rhizosphere microorganisms, the AMF inoculation with P-
fertilization were found to increase the abundance of Zygomycota
and Cercozoa in PT6, while the abundance of Zygomycota in PT6
was also higher than NY-1001 under the AMF inoculation with
P-fertilization. These protists together with fungi acted as central
nodes in soil biota aggregate networks, took partin soil structuring
and C cycling, and contributed significantly to the overall ecosys-
tem [17, 18]. In addition, although there existed no significant
difference, the AMF inoculation without P-fertilization increased
the soil sucrase enzyme activity by 32.84% as compared to no
AMF inoculation and P-fertilization treatment in the PT6 group
(Fig. S1, see online supplementary material). Thus, the enrichment
of fungi together with protists, which are closely related to stabi-
lization of soil organic carbon might accelerate carbon cycle of
soil microenvironment, and ultimately lead to the promotion of
plant biomass of soybean PT6 under AMF inoculation. As shown
in Fig. 3A, the AMF inoculation also increased the abundance
of Streptomyces in intact roots (Rt). Streptomyces is known as the
largest antibiotic-producing genus, which produces a wide variety
of bioactive compounds such as antibacterial, antifungal, and
antiparasitic drugs, responsible for the production of over two-
thirds of the clinically useful antibiotics of natural origin [19]. That
is to say, AMF inoculation also participated in helping soybeans
PT6 gain growth advantages by recruiting Streptomyces in RT. In
a word, AMF inoculation was found to improve the tolerance
of soybean to acidic soil mainly by recruiting specific PGPRs
and altering the root-associated microbiome assembly in a host-
dependent manner in this study [20]. Although it is not ruled out
that other genetic breeding methods may directly enable plants to
gain growth advantages in acidic soil, this experiment reminds us
that the effectiveness of introducing exogenous excellent genes
through genetic breeding still needs to be verified in actual agri-
cultural situations. In addition, we also found that the shoot
biomass of both lower and higher P-efficiency soybean decreased
after the application of P-fertilizer (e.g., P vs. CK and Ri+ P vs. Ri)
(Table 1), even if there existed no significant difference between
P-fertilization and non-P-fertilization groups. A previous study
showed that the application of P-fertilizer reduces the coloniza-
tion of AMF [21], which might lead to a reduction in soybean
biomass. These results revealed that, in addition to improving
crop varieties, optimization of supporting cultivation methods

is also important. Although the expressions of transformed Pi
transporter gene might be suppressed by AMF [15], we need to
consider the combined use of suitable AMF agents rather than
single chemical P-fertilization when verifying the growth advan-
tage of higher P-efficiency soybean in the available P-deficient
acidic soil.

Host niches determined the differentiation of
microbiome assembly

Our results are also consistent with previous findings, that
the host niches of soybean (i.e.,, sampling compartment) deter-
mined the differentiation of the assembly and the shift of
rhizo-microbiome [22]. Each sampling compartment contained
different potential niches for microbes, primarily determined
by its physical structure, biotic components, and abiotic con-
ditions [23]. In this study, some representative PGPRs such as
Sphingomonas and Pseudomonas were significantly enriched in Rt
(Fig. S4C, see online supplementary material). These rhizobacteria
can promote plant growth by improving nutrient absorption and
reducing disease levels, potentially increasing crop grain yield
in low-N and low-P soils [24]. Most N-fixing bacterial genera, R.
etli (one of the two most abundant N-fixing species), the nifH
gene, and the N-fixation COG function classifications genes
were found to be enriched in the niche Rt (Table 3 and Fig. 4;
Fig. S4E, see online supplementary material). According to these
results, the soybean root enriched N-fixing functional genes by
enriching the aforementioned N-fixing genera and species, which
is consistent with our previous researches [20, 25]. P. plecoglossicida,
the second most abundant bacteria at the species level, and
metal-dependent hydrolase involved in phosphonate metabolism
COG3454, both showed higher relative abundance in Rt than in SS
and RS (Figs 3B and 4H). As a well-known phosphate-solubilizing
bacteria (PSB), P. plecoglossicida improved crop growth and grain
yield, promoted plant P uptake and participated in controlling
plant disease by increasing enzyme activities and promoting the
content of available P [26]. Thus, the enrichment effect of the
functional bacteria closely related to N-fixing and P-solubilizing
in the soybean root was beneficial to soybean nutrient absorption
and growth in the acidic soils with low P-availability.

In contrast to the trend mentioned above, the rhizosphere of
soybean (i.e., soil niches SS and RS) was found to have posi-
tive selections (i.e., enrichment effects) for the well-known PGPR
genus Bacillus [27] and the most abundant N-fixing genus Mycobac-
terium as compared to niche Rt [28] (Table 3). The host selec-
tion pressure increases successively from rhizospheric soil to the
endospheric layer in the soil-plant continuum, and root-secreted
organic acids can attract specific beneficial microbes, resulting in
the differentiation of the assembly and shift of rhizo-microbiome
[29]. A previous study reported that Bacillus and Mycobacterium
in nutrient-deficient soil promoted plant growth and nutrient
(N, P, and K) uptake by crops [30]. Consequently, it might be
hypothesized that the soil niches also played a role in providing a
suitable living environment for specific PGPRs, which led to better
host soybean growth in acidic soil.

Microbial tools have broad application prospects
in ecological agriculture

P-fertilization can directly improve soil phosphorus nutritional
status, organic phosphorus can be mineralized, and root phos-
phatase activity can be enhanced by AMF application [31]. Addi-
tionally, the changes in P-nutrition caused by AMF inoculation and
P-fertilization may have an impact on other important enzyme
activities [32]. Thus, we initially anticipated that AMF inoculation
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and P-fertilization would improve soybean tolerance by altering
the rhizosphere microbial communities in the present study. How-
ever, the activities of five key enzymes related to the C, N, and
P cycles in soil revealed no difference between AMF inoculation
and P-fertilization treatment groups (Fig. S1, see online supple-
mentary material). The exact causes of this finding are unknown,
which may be related to the sampling stages, genotype and P-
efficiency of the host plant. In this study, only the AMF inoculation
and P-fertilization treatments were found to have significant
influences on the assembly and shift of the rhizo-microbiome
at different taxonomy level (Fig. 3; Table S3, see online supple-
mentary material ). The improvement of soybean growth and
development such as shoot biomass was directly related to the
increase in colonization ability of some specific PGPRs and PGPFs
caused by the AMF inoculation. Thus, the application of crops
with excellent traits (such as some transgenic crops) in ecological
agriculture might require the assistance of specific and matched
cultivation methods such as appropriate microbial agents. When
analysing the correlation patterns within and between bacteria
and fungi, the results of Pearson correlation analysis showed
a significant positive correlation among the N-fixing bacterial
genera (Fig. S7A, see online supplementary material), while the
pathogenic fungi Fusarium and Monographella which accumulated
in Rt have unique positively correlated or negatively correlated
fungal genera (Fig. S7B, see online supplementary material) [33,
34]. These pathogenic fungi were also surprisingly found to have
significant positive correlations with some N-fixing bacteria such
as Novosphingobium (Fig. S7C, see online supplementary material).
These bacteria and fungi with significant positive and nega-
tive correlations can be used for dynamic monitoring of micro-
bial communities. To sum up, this study provides a theoreti-
cal basis for the evaluation of the effects of the application
of microbial agents in ecological agriculture, enhancement of
the effectiveness of special microbial agents, antagonism against
pathogenic microorganisms, and the early detection and preven-
tion of pathogens in the future.

AMF inoculation had no effect on plant dry weight of NY-
1001 (Table 1). In complex rhizosphere microbial communities,
adding AMF may affect the entire rhizosphere microbiota, alter
the rhizosphere microecology, and ultimately affect the growth
and development of the host plant through the microbe-microbe
and microbe-plant interactions, which were closely related to the
root exudates and in situ microbial composition of host plant [25].
Thus, it is also suggested that plant breeding should consider
the complicated interactions between rhizo-microbiome and host
soybean with different P-efficiencies in addition to AMF inocu-
lation in available P-deficient acidic soils. One significant limita-
tion of our study was that only vegetative traits were evaluated.
Future studies should examine whether and how the effects
of P-efficiency of soybean, AMF inoculation, and P-fertilization
affect vegetative traits, the expression of the Pi transporter gene,
the availability of P content in the soil and the soybean yield
traits in stressful environments. As a result of global climate
change, land degradation, and the loss of biodiversity, traditional
synthetic chemical fertilizer technologies were stretched thin
[35]. Although the application of agricultural microbiome is still
limited by low efficacy and inconsistent field performance, by
harmessing microbiomes in ecological fertilizer to renovate eco-
logical fertilizer technology, such as the development of synthetic
microbial communities and novel prebiotics, we are expected to
improve plant productivity and abolish hunger [35, 36]. The soil
microbiome offers a range of ecosystem services to plants (e.g.,
nutrient acquisition and tolerance to environmental stress), but
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some of the basic molecular mechanisms in this field, such as
the interaction between host-microbe microbe-microbe, require
extensive exploration [37, 38].

Conclusion

In summary, our results revealed that the AMF inoculation altered
the colonization of specific PGPFs and pathogens, and increased
the soybean growth, while these effects were directly correlated
to the P-metabolism efficiency of the host soybean. The potential
growth advantage of higher P-efficiency transgenic soybean PT6
was released only after applying AMF. Thus, the application of
crops with excellent traits in ecological agriculture requires the
assistance of specific and matched cultivation methods such as
appropriate AMF inoculation rather than single P-fertilization,
to achieve growth advantage in available P-deficient acidic soil.
The soybean root also had a selective effect by enriching nutri-
ent uptake functional PGPRs/PGPFs, which have positive correla-
tions in endospheric layer, to help soybeans obtain better growth
and development in acidic soil with low P-availability. Lastly, the
plant pathogens exhibited unique positive microbiota and dis-
played negative interactions with the majority of other dominant
non-pathogenic genera with potential antagonistic activity. The
present study is expected to explore the growth-promoting effi-
ciency, alone with the assembly mechanism of rhizo-microbiome
of different P-efficiencies soybeans in acidic soil under AMF inocu-
lation and P-fertilization, to supply a scientific basis for the selec-
tion and application of possible PGPRs/PGPFs agents outside of
traditional synthetic chemical fertilizer technology, and to provide
data with reference value in breeding and ecological agriculture.

Materials and methods
Materials and sampling methods

In this study, a recipient soybean variety ‘NY-1001" as a control
and its transgenic soybean ‘PT6’ (produced by the insertion of
the high-affinity phosphate transporter gene OsPT6) were selected
as two soybean materials with different P-efficiencies. The OsPT6
gene (Genebank ID: AF536966) coding region introduced the Sacl
and Xbal restriction sites by PCR and then inserted into the vec-
tor pCAMBIA3301. The plant expression vector was successfully
constructed with a bar gene as a selection gene and an intron-
gus reporter gene encoding B-glucuronidase. OsPT6 was driven
by the constitutive cauliflower mosaic virus (CaMV) 35S pro-
moter in the binary vector pCAMBIA3301-OsPT6. Agrobacterium
tumefaciens strain EHA105 was used for transformation, and the
stable heritability of soybean was tested by using Southern blot,
Basta painting, GUS assay, and PCR analysis. The overexpres-
sion of the OsPT6 gene was detected by quantitative RT-PCR
analysis [39]. The experiment was conducted at Nanjing Univer-
sity, Nanjing, China (32.125 N, 118.965 E). The national micro-
bial resources platform number of Rhizophagus intraradices (RI) is
1511C0001BGCAMO0062, which was provided by the Institute of
Plant Nutrition and Resources, Beijing Academy of Agriculture
and Forestry Sciences (Beijing, China). The acidic red soil had a
PH of 4.54 (£ 0.21) and a water holding capacity of 29.3%, which
was collected from the Ecological Experiment Station of Red Soil
in Yingtan, Jiangxi Province, China (28.208 N, 116.937 E) [25].

A total of 10 g of AMF inoculum was added to about
2 cm below the surface of the soil in each rhizobox before
planting. The basic parameters of rhizobox (patent number
CN102175487) were descripted in a previous study [40] with minor
modification (Fig. S8, see online supplementary material). The
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lengths«widthxheight of the rhizobox is 20 cm*15 cm=20 cm and
approximately 3.6 kg of acidic soil was placed in each rhizobox.
Two layers of nylon mesh are used to separate every compartment
to prevent roots from growing into the compartments on both
sides. After being disinfected with chlorine for 16 h, the soybean
seeds were washed with sterile water four times, followed by
disinfection with 70% ethanol for 30 s and with 2.5% sodium
hypochlorite for 5 min, and finally washed with sterile water again
four times. Soybeans were planted in the central compartment
of the rhizobox. Then the P-fertilization was sprayed (100 mg/kg
soil) three times and only used for P fertilization treatment on
18 August, 25 August and 1 September, respectively [41]. Other
less important details were listed in our previous studies [25, 40].
The experimental plant and soil were collected at flowering stage
(R2 stage, 5 November 2020). Two plants were collected in each
rhizobox, and the C and N content of plant was measured in the
Center of Modern Analysis at Nanjing University by using the
Perkin-Elmer 240c analyzer [25].

The roots and soil were collected carefully to keep away from
the air-soil interface to avoid false environments [42]. We divided
the root microorganisms into three layers according to the dis-
tance between the soil and the root. From outside to inside of
the roots, there are surrounding soil (SS), rhizospheric soil (RS),
and endospheric layer (Rt), respectively. The SS samples represent
the soil in the compartments on both sides of the rhizobox,
which is the farthest host niche from the root (Fig. S8, see online
supplementary material) [40]. RS was the soil that tightly adhered
to the root surface and was collected by brushing with phosphate
buffered saline (PBS), while another host niche, the Rt, which
represents a mixed sample of the soybean rhizoplane and endo-
sphere, was obtained by further washing the root with PBS twice
after collecting RS, followed by centrifuging at 4000 g, washing
with PBS, and grinding with liquid nitrogen [25, 43]. Part of the rhi-
zospheric soil samples (RS) were pre-treated by being air-dried and
filtering through a mesh sieve (50 um), followed by measuring the
five key enzymes involved in the carbon, N and P cycles in soil via
corresponding kits purchased from Solarbio Science & Technology
Co., Ltd (Beijing, China), their enzyme commission numbers are
EC 1.7.99.3 (nitrite reductase, S-NiR), EC 3.5.1.5 (urease, S-UE), EC
3.2.1.26 (sucrase, S-SC), EC 3.1.3.2 (acid phosphatase, S-ACP), and
EC 3.1.3.1 (alkaline phosphatase, S-AKP/ALP), respectively [25].

DNA extraction, DNA amplicon sequencing and
analyses

The PowerSoil DNA Isolation Kit (MoBio Laboratories Inc., Carls-
bad, CA, USA) was used to isolate metagenomic DNA from approx-
imately 0.5 g of SS, RS, and Rt samples, and the detailed methods
have been published previously [25]. Following that, the DNA sam-
ples were evaluated with a 1% agarose gel, and their concentration
was verified with a Qubit Fluorometer to ensure they were more
than 10 ng/pl (Invitrogen, Carlsbad, USA) [44].

The forward primer 338F (5'-ACTCCTACGGGAGGCAGCAG-3')
and reverse primer 806R (5'-GGACTACHVGGGTWTCTAAT-3) were
used for the sequencing of V3-V4 hypervariable regions of the 16S
rRNA (approximately 468 bp) [45], while the forward primer ITS1F
(5'-CTTGGTCATTTAGAGGAAGTAA-3') and reverse primer ITS2R
(5’-GCTGCGTTCTTCATCGATGC-3') were used for the sequencing
of the ITS1 region of the internal transcribed spacer (approxi-
mately 350 bp) [46]. The DNA amplicon sequencing via the Illu-
mina MiSeq platform (Illumina, CA, USA) was performed by OE
Biotech. Co., Ltd (Shanghai, China) using the MiSeq Reagent Kit.
The accession numbers (BioProject ID) of the total of 144 sequenc-
ing clean data sets (72 16S rRNA and 72 ITS) associated with this

study in the Sequence Read Archive (SRA) are PRINA884153 and
PRJNA884158. Their reviewer links were listed in ‘Data availability
statement’.

Data from 16S rRNA amplicon sequencing was analysed
using the database silval32/16 s (http://www.arb-silva.de),
while data from ITS amplicon sequencing was analysed using
Unite7.1/ITS_fungi (http://unite.ut.ee/index.php). An analysis
of alpha diversity was conducted using Chaol (an indicator as
community richness), Shannon (as community diversity), and
Coverage (as community coverage) indices, and principal co-
ordinates analysis (PCoA) and non-metric multidimensional scal-
ing analysis (NMDS) were used for the analysis of beta diversity
[47, 48]. The software programs PICRUSt and FUNGuild were
used to analyse functional gene compositions and abundances
of the rhizo-microbiome. The bioinformatic analyses above were
performed via the OECloud platform (https://cloud.oebiotech.cn).

Quantification of nifH by quantitative real-time
PCR

In order to determine the abundances of the nifH gene, a quantita-
tive real-time PCR (qPCR) assay was performed using primer pairs
338F/518R as an internal control, and PolF/PolR as a quantification
primer pair [49]. About 50 ng DNA, 1 pL primer pairs (5 pM),
and 10 pL of 2 x SYBR Green mixture (Roche, Switzerland) were
present in the final reaction volume of 20 pL. Each DNA sample
had three technical duplicates and was incubated for 10 minutes
at 95°C, followed by 40 cycles of 15 seconds at 95°C and 1 minute
at 60°C [25].

Statistical analyses

Based on the Bray-Curtis distance metric, the software R (v3.1.3)
was used to perform the analysis of similarities (ANOSIM), as
well as PERMANOVA analysis (Adonis) [50]. By using the software
GraphPad Prism (Version 8.0), the significance of the differences
in the data was determined by using one-way ANOVA followed by
the Tukey test (%P < 0.05) [25].
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