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Abstract 

Background Soybean seeds are rich in protein and oil. The selection of varieties that produce high-quality seeds 
has been one of the priorities of soybean breeding programs. However, the influence of improved seed quality 
on the rhizosphere microbiota and whether the microbiota is involved in determining seed quality are still unclear. 
Here, we analyzed the structures of the rhizospheric bacterial communities of 100 soybean varieties, including 53 lan-
draces and 47 modern cultivars, and evaluated the interactions between seed quality traits and rhizospheric bacteria.

Results We found that rhizospheric bacterial structures differed between landraces and cultivars and that this dif-
ference was directly related to their oil content. Seven bacterial families (Sphingomonadaceae, Gemmatimonadaceae, 
Nocardioidaceae, Xanthobacteraceae, Chitinophagaceae, Oxalobacteraceae, and Streptomycetaceae) were obviously 
enriched in the rhizospheres of the high-oil cultivars. Among them, Oxalobacteraceae (Massilia) was assembled spe-
cifically by the root exudates of high-oil cultivars and was associated with the phenolic acids and flavonoids in plant 
phenylpropanoid biosynthetic pathways. Furthermore, we showed that Massilia affected auxin signaling or interfered 
with active oxygen-related metabolism. In addition, Massilia activated glycolysis pathway, thereby promoting seed oil 
accumulation.

Conclusions These results provide a solid theoretical basis for the breeding of revolutionary soybean cultivars 
with desired seed quality and optimal microbiomes and the development of new cultivation strategies for increasing 
the oil content of seeds.
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Background
Soybean (Glycine max (L.) Merr.) is one of the world’s 
most important oilseed crops, accounting for more 
than 50% of the total edible oils consumed globally, and 
is also the principal source of vegetable protein world-
wide [1, 2]. Because of the growing demand for oil in 
the global oilseed market, the development of high-oil 
soybean cultivars has been a top priority in soybean 
breeding programs. The majority of soybean varieties 
before the 1950s were landraces, and a small num-
ber of modern cultivars were released from the 1960s 
to the 1980s, while most varieties since the 1990s are 
modern cultivars, with a continuous increase in oil 
content (Figure  S1). To date, many improved cultivars 
with high yield and high oil quality have been devel-
oped through breeding programs but the gap between 
the current supply and the ever-increasing demand 
remains significant [3, 4]. The identification of the fac-
tors influencing seed oil quality traits is essential for the 
improvement of soybean quality. Recent studies have 
shown that plant domestication and genetic improve-
ment of agricultural traits, such as stress tolerance and 
disease resistance, alter the structures and functions of 
rhizosphere microbial communities [5–13]. Whether 
breeding for crop seed quality affects the rhizospheric 
microbiota and the contribution of the rhizospheric 
microbiota to seed quality remain unclear.

Soil is the habitat for plants and associated microor-
ganisms and is the medium through which they interact. 
To some extent, host plants drive the selection of micro-
organisms by depositing specific secretions (root exu-
dates) at the soil-root interface [14, 15]. Root exudates 
are a mixture of soluble organic substances, including 
sugars, amino acids, organic acids, fatty acids, proteins, 
and other secondary metabolites, and can act as nutri-
ents, antimicrobial substances, and chemotaxis or sign-
aling molecules that coordinate shifts in rhizosphere 
microbial composition [16–21]. The composition and 
quantity of plant root exudates are species- or cultivar-
specific and vary significantly throughout the life cycle 
and in response to changing environments [22–25]. 
These changes place selection pressure on the rhizos-
phere microbiome. The MYB72-dependent antimicrobial 
coumarin scopoletin and indole-derived benzoxazinoid 
compounds act as dominant metabolites in Arabidopsis 
thaliana and maize (Zea mays L.) and are involved in 
host iron absorption and insect pest/pathogen resistance, 
and changes in their levels affect the assembly of their 
rhizosphere microbial community [26–28]. The inter-
play between host traits (flowering time, plant disease 
resistance, rhizosheath formation), root exudates, and 
the microbiota has been widely reported [29–31]. There-
fore, it is presumed that changes in plant root exudates 

are accompanied by changes in host traits that mediate 
changes in microbial structure.

Microbial colonization in the plant rhizosphere can 
endow the host with various biological functions. For 
example, nitrogen-fixing rhizobia can form symbiotic 
nodules to provide a nitrogen source for the growth of 
leguminous hosts, which represents the highest level of 
mutual benefit between host plants and rhizosphere bac-
teria [32, 33]. Many Pseudomonas and Bacillus species 
can secrete siderophores and antibacterial substances to 
provide iron nutrition for plants and confer resistance 
to pathogenic bacteria [34–36]. Recently, increasing evi-
dence has demonstrated the regulatory functions of the 
microbiota and the community’s effect on plant devel-
opment and adaptation to environments. Root-enriched 
synthetic communities in indica rice were recently found 
to improve the use efficiency of organic nitrogen [37]. 
Furthermore, a single bacterial genus (Variovorax) can 
completely reverse the severe inhibition of root growth 
caused by the complex microbial community through 
auxin degradation [38]. The microbiota and root endo-
dermis can support plant mineral nutrient homeostasis 
through the inhibition of the abscisic acid signaling path-
way [39]. These results indicate that rhizosphere micro-
organisms have evolved functions that strongly influence 
plant growth and development. It remains unknown 
whether and how the microbiota affects seed oil content 
and quality.

Here, we first investigated the effects of soybean culti-
var type and seed oil content on the rhizosphere bacterial 
community in the field via 16S metabarcoding sequenc-
ing. We subsequently elucidated the selective effect of 
high-oil cultivars on soil bacteria by directly treating the 
soil with root exudates. A correlation between Massilia 
and substances in the phenylpropanoid metabolic path-
way was found via the integration of metabolomics and 
16S sequencing analysis. Finally, through in vitro growth 
testing and pot experiments, we confirmed that sub-
stances in the phenylpropanoid metabolic pathway could 
regulate the growth of Massilia, which in turn increased 
the seed oil content by affecting plant glycolysis path-
ways. Our findings reveal the mechanism driving the 
effects of seed quality traits on the rhizospheric bacterial 
community and provide a new approach for improving 
the soybean oil content.

Materials and methods
Plant species, growth, and sample collection
A total of 100 soybean accessions were selected for this 
study, including 53 landraces and 47 modern cultivars 
that were released from 1949 to 2010 in the major soy-
bean-producing area of Northeast China (Jilin, Liaon-
ing, and Heilongjiang, Table  S1). The experiments 
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were conducted at Gongzhuling, Jilin Academy of 
Agricultural Sciences (43°51′ N, 124°81′ E). The soil 
was a typical black soil with a high organic matter 
content (pH, 7.02; organic matter, 20.6  mg/kg; total 
N, 2017.3 mg/kg; available P, 513.07 mg/kg; and avail-
able K, 1.95  mg/kg). Seeds of each accession (n = 10 
per accession) were sown in the soil. Rhizosphere soil 
was collected from 100 soybean plants at the pod-
filling stage as described by Mendes et  al. [40]. The 
plants were manually uprooted from the soil, and the 
roots were shaken to remove loose soil. The remain-
ing attached soil was subsequently collected as rhizo-
sphere soil. Unplanted soil samples were used as bulk 
soil. For each variety, three replicates of 3 to 4 plants 
each were examined.

16S rRNA gene sample preparation, sequencing, 
and analysis
In total, 306 samples (300 rhizosphere soil and 6 bulk 
soil samples) were used for sequencing. Microbial DNA 
was extracted using an E.Z.N.A.® Soil DNA Kit (Omega 
Bio-Tek Inc., Norcross, GA, USA). The V4 hyper-
variable regions of the bacterial 16S rRNA gene were 
amplified using the primers 515F and 806R. PCR was 
performed as follows: 3 min at 95 ℃; 27 cycles of 30 s at 
95 ℃, 30 s at 55 ℃, 45 s at 72 ℃, and 72 ℃ for 10 min. 
The reactions were performed in triplicate in 20-μL 
mixtures containing 4 μL of 5 × FastPfu Buffer, 2 μL of 
2.5 mM dNTPs, 0.8 μL of each primer (5 μM), 0.4 μL of 
FastPfu Polymerase, and 10  ng of template DNA. The 
products were extracted from 2% agarose gels, puri-
fied via an AxyPrep DNA Gel Extraction Kit (Axygen 
Biosciences, Union City, CA, USA), and quantified 
via QuantiFluor™-ST (Promega, Madison, WI, USA) 
according to the manufacturers’ protocols. The ampli-
cons were pooled at equimolar concentrations and 
paired-end sequenced (2 × 300) on the Illumina MiSeq 
platform (Illumina, San Diego, CA, USA) according to 
standard protocols at Majorbio Bio-Pharm Technol-
ogy Co., Ltd. (Shanghai, China). Operational taxonomic 
units (OTUs) were clustered with a 97% similarity 
cutoff using UPARSE (version 7.1; http:// drive5. com/ 
uparse/); chimeric sequences were identified and 
removed using UCHIME. The taxonomy of each 16S 
rRNA sequence was analyzed via the RDP classifier 
algorithm (http:// rdp. cme. msu. edu/) against the Silva 
138/16S_bacteria database with a confidence threshold 
of 70%. The Chao1 and Shannon alpha-diversity indices 
were calculated via Mothur software (Schloss). Con-
strained principal coordinate analysis (PCoA) was per-
formed at the genus level via the R package amplicon 
[41, 42].

Root exudate collection
Six varieties were selected on the basis of their differ-
ences in oil content and abundance of rhizosphere 
bacteria, including three high-oil varieties (Hefeng 
52: 23.49%, Gongye03-5570: 21.9%, and Suinong14: 
21.86%) and three low-oil varieties (Baiqixiaojinhuang: 
18.61%, Baike: 17.77%, and Jilinchalihua: 14.17%). The 
root exudates of the six varieties were collected accord-
ing to the methods of Liu et al. (2014) and Wang et al. 
(2022), with several modifications. Chlorine gas-steri-
lized seeds of six soybean varieties were planted in pots 
(13 × 13  cm) containing sterilized vermiculite, watered 
alternating with deionized water and Broughton and 
Dilworth (BD) nutrient solution, and placed in a green-
house under long-day conditions (16  h photoperiod, 
28 ℃/20 ℃, day/night). Fifteen-day-old seedlings were 
rinsed several times with deionized water and then 
transplanted to a 250-mL flask (six seedlings per flask) 
with 100  mL of sterile distilled water. For each treat-
ment, there were three replicates. After 12  h of over-
night cultivation, the plants were transferred to new 
flasks with 100  mL of sterile water for another 24  h. 
Then, the root exudate solution was collected and cen-
trifuged at 4500 r/min at 4 ℃ for 10 min. The superna-
tant solution was transferred to a polyethylene tube and 
stored at − 80 ℃ until further use.

Treatment of soil with root exudates and 16S rRNA gene 
sequencing
One gram of fresh unplanted soil sample was transferred 
into a 5-mL centrifuge tube with 2 mL of filtration steri-
lized root exudates or sterile distilled water (control). 
After incubation for 24 h at 28 ℃ with shaking at 180 r/
min, the soil samples were collected by centrifugation in 
a refrigerated centrifuge at 10,000  r/min for 5  min and 
stored at − 80 ℃ (Figure  S2). Each treatment had three 
replicates. In total, 21 samples were used for sequenc-
ing according to standard protocols at Personal Biotech-
nology Co., Ltd. (Shanghai, China). The V3–V4 target 
region of the 16S rRNA gene fragments was amplified 
and sequenced on an Illumina NovaSeq PE250 sequenc-
ing platform (Illumina, San Diego, USA). Sequence data 
analyses were performed mainly via the QIIME 2 2019.4 
and R packages (v3.2.0). The Chao1, observed species, 
and Shannon alpha-diversity indices were calculated 
via the non-singleton amplicon sequence variant (ASV) 
table in QIIME 2 and visualized as box plots. β-Diversity 
(between-sample diversity) was estimated by the Bray‒
Curtis distance and the differentiation of microbiota 
structure among groups was assessed via permutational 
multivariate analysis of variance (PERMANOVA) in 
QIIME 2.

http://drive5.com/uparse/
http://drive5.com/uparse/
http://rdp.cme.msu.edu/
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Targeted metabolomics study
The root exudates were freeze-dried, dissolved in 1  mL 
of 70% methanol with an internal standard, vortexed for 
3 min, and centrifuged (12,000 r/min, 4 ℃) for 10 min. The 
supernatant was filtered with a microporous filter mem-
brane (0.22 µm) and stored in a sample flask. The extract 
samples were examined via a UPLC‒ESI‒MS/MS system 
(UPLC, SHIMADZU Nexera X2, www. shima dzu. com. cn/; 
MS, Applied Biosystems 4500 Q TRAP, www. appli edbio 
syste ms. com. cn/) according to standard protocols at Met-
Ware Biotechnology Co., Ltd. (Wuhan, China)). Principal 
component analysis (PCA) was performed via the statis-
tics function prcomp within R (www.r- proje ct. org). The 
hierarchical cluster analysis (HCA) results of the samples 
and metabolites are presented as heatmaps with dendro-
grams. Significantly differentially abundant metabolites 
between groups were determined by VIP ≥ 1 and abso-
lute Log2FC (fold change) ≥ 1. VIP values were extracted 
from the OPLS-DA results, which also contain score plots 
and permutation plots, generated via the R package Meta-
boAnalystR. The data were log transformed (log2) and 
mean-centered before OPLS-DA. To avoid overfitting, 
a permutation test (200 permutations) was performed. 
The identified metabolites were annotated via the KEGG 
Compound database (http:// www. kegg. jp/ kegg/ compo 
und/), and the annotated metabolites were then mapped 
to the KEGG Pathway database (http:// www. kegg. jp/ 
kegg/ pathw ay. html).

Microbe isolation and in vitro growth detection
To isolate Massilia, bacteria showing positive responses 
to root exudates of the high-oil cultivars, we treated 
the soil with root exudates from Hefeng52 as described 
above; and gradient dilutions were prepared and plated 
on minimal medium (MM; 0.5 g of glucose, 0.5 g of poly-
peptone, 0.5 g of monosodium glutamate, 0.5 g of yeast 
extract, 0.44  g of  K2HPO4, 0.1  g of  (NH4)2SO4, 0.1  g of 
 MgSO4; pH 7.0). Representative clones based on mor-
phology and color were picked, purified, and stored 
at − 80 ℃ in MM containing 20% glycerol until further 
use. The classification of the isolates at the genus level 
was performed via 16S rRNA gene sequencing with the 
27F and 1492R primers.

To assess the effects of the candidate metabolites on 
Massilia, the tested strains were inoculated in 5  mL of 
MM and incubated overnight at 28 ℃ with shaking at 
180 rpm. The OD of the bacterial cultures was adjusted 
to 0.1 at 600 nm, and then the cultures were subjected to 
tenfold serial dilution  (10−1–10−4) in  ddH2O and spot-
ted (1  μL) onto M9 minimal salt medium agar supple-
mented with candidate metabolites, glucose or dimethyl 
sulfoxide (DMSO) as a control. Stock solutions (50 mM) 
of the metabolites were prepared by dissolving each into 

DMSO and subsequently performing filtration steriliza-
tion. Each treatment included three replicates. The plates 
were incubated at 28 ℃ for 36–48 h and photographed. 
Additionally, growth curves were generated for 1/2 MM 
with different concentrations of candidate metabolites. A 
10 µL suspension of bacteria  (OD600 = 0.1) was inoculated 
into a 2-mL centrifuge tube containing 800 µL of liquid 
1/2  MM medium with candidate metabolites or DMSO 
(control). A 96-well plate reader was used to measure the 
change in the  OD600 at the indicated time points. Each 
assay was carried out in triplicate.

Seed oil content and fatty acid analysis
Chlorine gas-sterilized seeds (Jilinchalihua and Hefeng52) 
were planted in pots (15 × 15  cm) containing a mixture 
of soil and vermiculite (volume:volume = 3:1) and grown 
for 4 days. The plants were then inoculated with a 30-mL 
suspension of mixed Massilia  (OD600 = 0.1), with the 
same volume of water used as the control. The plants 
were grown under a 16-h photoperiod at 28 ℃/20 ℃, day/
night. Normal water-fertilizer treatment was performed 
during the growth period, and the same concentration 
of bacterial suspension was inoculated again during the 
flowering period. After maturity, the oil content in the 
Massilia-treated and untreated plant seeds was measured 
according to the method described by Wang et  al. [43]. 
The seeds were ground in hexane to extract the lipids. 
After incubation at 37 ℃ for 5 h, the tube was then cen-
trifuged at 11,000 r/min for 10 min at room temperature. 
The supernatant was evaporated under vacuum in a pre-
weighed 1.5  mL centrifuge tube until a constant weight 
was reached. This procedure was repeated twice. The tube 
was then weighed again. The seed lipid content was deter-
mined by dividing the amount of lipid in the tube by the 
seed weight, after which the seed fatty acid content was 
measured as described by Tang et al. [44].

Detection of plant height, root length, and nitrogen 
content
Chlorine gas-sterilized seeds (Jilinchalihua) were germi-
nated on sterile water agar for 3  days. The plants were 
subsequently transplanted to vermiculite with Massi-
lia M16 or M117 suspensions  (OD600 = 0.1) in pots 
(13 × 13 cm) to ensure one seedling per pot. The vermicu-
lite with sterile water was used as a control. The plants 
were grown under a 16-h photoperiod at 28  ℃/20  ℃, 
day/night, and watered with sterilized  H2O as needed. 
After 15 days of growth, the seedlings were treated with 
nitrogen-free (NF), low-nitrogen (LN, 0.25  mM), and 
normal-nitrogen (NN, 7.5  mM) BD nutrient solutions. 
Each treatment included fifteen seedlings. After grow-
ing for 15  days, the plants were sampled to determine 
their height and length. The samples were subsequently 

http://www.shimadzu.com.cn/
http://www.appliedbiosystems.com.cn/
http://www.appliedbiosystems.com.cn/
http://www.r-project.org
http://www.kegg.jp/kegg/compound/
http://www.kegg.jp/kegg/compound/
http://www.kegg.jp/kegg/pathway.html
http://www.kegg.jp/kegg/pathway.html
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divided into 2 parts: one part was dried at 105  ℃ for 
half an hour and then at 70 ℃ until a constant weight 
was reached for nitrogen content determination via the 
Kjeldahl method [45], and the other part was stored at 
– 80 ℃ for transcriptome sequencing.

RNA extraction and RNA‑seq analysis
Total RNA was extracted from roots and leaves via TRI-
zol® Reagent (plant RNA purification reagent for plant 
tissue) according to the manufacturer’s instructions (Inv-
itrogen), and genomic DNA was removed via DNase I 
(TaKaRa). RNA degradation and contamination were 
monitored on 1% agarose gels. RNA purification, reverse 
transcription, and library construction and sequencing 
were performed at Shanghai Majorbio Biopharm Bio-
technology Co., Ltd. (Shanghai, China) according to the 
manufacturer’s instructions (Illumina, San Diego, CA, 
USA). Clear reads obtained after trimming the adapter 
sequence, removing low-quality bases, and filtering short 
reads were used for subsequent analysis. Then, the clean 
reads were separately aligned to the Glycine max Wm82. 
a2. v1 reference genome in orientation mode via HISAT2 
(http:// ccb. jhu. edu/ softw are/ hisat2/ index. shtml) soft-
ware. DEGs (differentially expressed genes) between two 
different treatments were identified via DESeq2, and the 
expression level of each gene was calculated according to 
the transcripts per million reads (TPM) method. Genes 
that presented at least a twofold change in expression 
and an FDR ≤ 0.05 were considered DEGs. RSEM (http:// 
dewey lab. biost at. wisc. edu/ rsem/) was used to quan-
tify gene abundances. Gene Ontology (GO, http:// www. 
geneo ntolo gy. org) and Kyoto Encyclopedia of Genes and 
Genomes (KEGG, http:// www. genome. jp/ kegg/) enrich-
ment analyses were carried out via GOATOOLS (https:// 
github. com/ tangh aibao/ Goato ols) and KOBAS (http:// 
kobas. cbi. pku. edu. cn/ home. do) [46].

Quantitative real‑time PCR
Total RNA from roots and leaves was extracted via TRI-
zol reagent, quantified using a NanoDrop 2000 (Thermo 
Fisher Scientific), and reverse-transcribed to cDNA 
via Hifair RII 1st Strand cDNA Synthesis SuperMix 
(YEASEN, CA, USA) according to the manufacturer’s 
instructions. qRT-PCR was performed with the SYBR 
Green PCR master mix (YEASEN, CA, USA) on a CFX96 
real-time PCR detection system (Bio-Rad). Each 10  μL 
reaction mixture was composed of 5 μL of SYBR Green 
(Bio-Rad), 0.5  μL of 10  μM primers, 3  μL of deionized 
 H2O, and 1  μL of cDNA. The qPCR cycling conditions 
were as follows: initial denaturation for 30 s at 95 ℃, fol-
lowed by 40 cycles of denaturation at 95 ℃ for 10 s, and 
annealing at 60 ℃ for 45 s. The transcript level was cal-
culated via the standard curve method from duplicate 

data, with the soybean GmELF1b (Glyma.02G276600) 
gene used as the internal control. The analyzed genes 
and corresponding primers used in this study are listed 
in Table S1.

Statistical analysis
Graphical representations were generated with GraphPad 
Prism 5 (GraphPad Software, Inc., La Jolla, CA, USA). 
Spearman correlations between metabolites and bacterial 
taxa were calculated via R (r > 0.8). A false discovery rate-
corrected P value < 0.05 was considered indicative of sta-
tistical significance. The means and standard deviations 
of the data were calculated. The Wilcoxon rank-sum test 
was performed to compare the alpha diversity of different 
varieties.

Results
Improvements in host quality traits affect the soybean 
rhizosphere microbiota
To investigate whether genetic improvement influences 
the soybean rhizosphere microbiota, 100 soybean acces-
sions from a historical collection of varieties obtained 
during soybean breeding were selected, including 53 
Chinese landraces and 47 modern cultivars (Table  S1). 
Across all the samples, we obtained 113,899,988 high-
quality sequences (average read length = 436 bp), with a 
median of 36,861 sequences per sample (ranging from 
30,015 to 44,952 sequences per sample). The rarefaction 
curves of all the samples based on the number of OTUs 
are shown in Figure S3. The sequencing data were rare-
fied to the lowest number of sequences (15,591) observed 
in a single sample, and 9065 bacterial OTUs were identi-
fied (Table S2).

First, to determine whether the rhizosphere bacterial 
composition differed between modern cultivars and lan-
draces, we conducted constrained PCoA on the basis of 
Bray‒Curtis phylogenetic distances. The analysis results 
revealed a clear clustering pattern was observed between 
the modern cultivars and the landraces (Fig. 1a). Subse-
quently, we selected eight high-oil (HO) and eight low-
oil (LO) cultivars from among the modern cultivars and 
landraces, respectively. Similarly, the rhizosphere sam-
ples of HO and LO cultivars showed greater separation 
at the genus level (Fig. 1b). PERMANOVA based on the 
Bray‒Curtis distances further confirmed the significant 
differences in the microbial communities between the 
high- and low-oil soybean cultivars (P = 0.002; Table S3). 
These results indicated that a higher oil content in a vari-
ety may lead to a shift in the rhizosphere bacterial com-
munity. Finally, linear discriminant analysis (LDA; log 
score threshold > 2.5 and P < 0.05) revealed that 17 fami-
lies were enriched in the high-oil varieties, with 7 bacte-
rial families, Sphingomonadaceae, Gemmatimonadaceae, 

http://ccb.jhu.edu/software/hisat2/index.shtml
http://deweylab.biostat.wisc.edu/rsem/
http://deweylab.biostat.wisc.edu/rsem/
http://www.geneontology.org
http://www.geneontology.org
http://www.genome.jp/kegg/
https://github.com/tanghaibao/Goatools
https://github.com/tanghaibao/Goatools
http://kobas.cbi.pku.edu.cn/home.do
http://kobas.cbi.pku.edu.cn/home.do
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Nocardioidaceae, Xanthobacteraceae, Chitinophagaceae, 
Oxalobacteraceae, and Streptomycetaceae, having LDA 
scores greater than 3. At the genus level, 21 genera 
were enriched in the rhizospheres of the high-oil varie-
ties, with 3 genera, Sphingomonas, Gemmatimonas, and 
Streptomyces, having LDA scores greater than 3 (Fig. 1c).

Oxalobacteraceae (Massilia sp.) is enriched by the root 
exudates of high‑oil cultivars
As the main bridge between plant traits and the soil 
microbiota, root exudates play a crucial role in the estab-
lishment of the rhizosphere microbial community. To test 
the response of the soil bacterial community to root exu-
dates from HO and LO cultivars, we collected the root 
exudates of six soybean cultivars with different oil con-
tents via a hydroponic system and used them to treat the 
soil samples in vitro. At 24 h after root exudate treatment, 
we performed 16S ribosomal RNA sequencing (V3–V4) 
and diversity analysis at the ASV level. NovaSeq sequenc-
ing of 21 samples yielded 1,821,716 (average of 86,748) 
high-quality effective sequences. All samples were rare-
fied to the same sequences on the basis of  95%  of the 
lowest sequence number  using the “qiime feature-table 
rarefy” function to ensure the same depth of sequencing 
across the samples (Figure  S4), and 46,626 ASVs were 

obtained. The general features of the high-throughput 
sequencing results as well as the alpha-diversity indi-
ces are shown in Table S4. The results revealed that the 
Chao1 index did not significantly differ among the treat-
ments. The Shannon index in the root exudate treatments 
was somewhat lower than that in the water control treat-
ment (Fig. 2a), indicating that root exudates may reduce 
the diversity of the soil microbiota.

Next, we performed a PCoA based on Bray‒Curtis 
distances and found that the samples treated with root 
exudates were obviously separated; the soil samples 
treated with the root exudates of Hefeng52 (23.49%), 
Gongye03-5570 (21.9%), Suinong14 (21.86%), Baiqixi-
aojinhuang (18.61%) and Baike (17.77%) were obviously 
separated from those treated with the root exudates of Jil-
inchalihua (14.17%) and  H2O (Fig. 2b). PERMANOVA at 
the same distances revealed that the microbial community 
structures in these treatments were significantly different 
(Table S5). Among the 16 changed bacterial families (one 
with low abundance was not counted) under field condi-
tions, only the relative abundance of Oxalobacteraceae 
significantly increased after root exudate treatment of two 
high-oil cultivars (Gongye30-5570 and Hefeng52). The 
relative abundance of Comamonadaceae increased after 
treatment with root exudates from all six cultivars, but 

Fig. 1 Effects of soybean cultivar type and seed oil content on the rhizosphere bacterial community. a Constrained PCoA plot of the Bray–Curtis 
distances between samples. n = 306. b PCoA based on Bray‒Curtis distances of the rhizosphere bacteria of eight high-oil and eight low-oil 
cultivars; n = 48. Clustering significance was determined via Adonis (Pr (> F) = 0.001). c Major families and genera with significant differences 
between high- and low-oil cultivars; the Wilcoxon rank-sum test was used to evaluate the significance of differences between the groups (n = 48)
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the variation amplitude between cultivars was relatively 
small. The relative abundances of the remaining genera 
decreased to varying degrees after treatment with root 
exudates from the high-oil cultivars, with those of Sphin-
gomonadaceae and Gemmatimonadaceae decreasing the 
most (Fig. 2c). Similarly, at the genus level, only the abun-
dance of Massilia (belonging to the Oxalobacteraceae) 
significantly increased after treatment with root exudates 
from the two high-oil cultivars (Fig. 2c). These results sug-
gested that Massilia responded positively to the root exu-
dates of high-oil cultivars, again indicating a correlation 
between Massilia and high-oil cultivars.

The phenylpropanoid biosynthesis pathway is related 
to Massilia enrichment
A total of 632 metabolites were detected, including 100 
lipids, 86 phenolic acids, 78 organic acids, 64 amino acids 
and derivatives, 55 flavonoids, 51 nucleotides and deriva-
tives, 39 alkaloids, 35 terpenoids, 18 lignans and cou-
marins, 7 tannins and 89 others (Table S6). The heatmap 
results revealed that the contents of the top 50 detected 
substances varied among the six cultivars (Fig.  3a), and 
the PCA results revealed that the metabolite profiles 
of the root exudates of different cultivars were separate, 
except for Gongye03-5570, which overlapped slightly with 
Hefeng 52 and Baiqixiaojinhuang (Fig. 3b). These results 
indicated the existence of different metabolic components 
in the root exudates of the six cultivars. We subsequently 
conducted a correlation analysis between metabolite con-
tents and the abundance of Massilia. The results revealed 
that 68 metabolites were positively correlated with Massi-
lia (P < 0.05, r > 7), suggesting that these metabolites might 
be related to the increase in Massilia abundance (Fig. 3c, 
Table S7). Among them, the correlations of 8 substances 
with Massilia were greater than 0.8, namely, 4-hydroxy-
benzaldehyde, 4-O-glucosyl-4-hydroxybenzoic acid, 
piceatannol-3′-O-glucoside, licoflavonol, 2-propylsuc-
cinic acid, isolicoflavonol, licochalcone D, and N-acetyl-
L-aspartic acid. Interestingly, further analysis of the 
metabolomics data revealed that related substances, such 
as p-coumaric acid (p-CA, r = 0.68), 4-hydroxybenzalde-
hyde (4-HBZ, r = 0.83), 4-hydroxybenzoic acid (4-HBA, 
r = 0.66), isoliquiritigenin (ILIG, r = 0.73), liquiritigenin 
(LIG, r = 0.72) and daidzein (DAZ, r = 0.64), are involved 
in the phenylpropanoid biosynthesis pathway [47].

To ascertain whether Massilia was directly affected by 
these metabolites, we isolated and purified more than 
50 strains of bacteria from soil treated with the root 
exudates of the high-oil cultivar Hefeng52, of which 4 
strains (M10, M16, M22, and M117; Table S8) were iden-
tified as belonging to the genus Massilia via 16S full-
length sequencing. In the M9 minimum salt medium, 
all substances except for ILIG, which had no effect on 
the growth of M22, significantly promoted the growth 
of the four Massilia strains to different degrees, with 
DMSO and glucose used as solvents and substance con-
trols, respectively (Fig.  3d). This result indicated that 
the above substances provide a carbon source for the 
growth of Massilia. Moreover, bacterial growth  (OD600) 
was monitored in the presence of the 6 abovementioned 
substances. The results revealed that a low concentra-
tion (50  μM) of 4-HBZ, which had the highest correla-
tion, promoted the growth of Massilia M117 and M16, 
whereas a high concentration (200  μM) of 4-HBZ had 
a weak  inhibitory effect on growth (Fig.  3e). Similarly, 
p-CA promoted the growth of M117 and M22 to a small 
extent, whereas HBA had no effect on the growth of the 
four strains (Figure  S5). Among the three flavonoids, 
DZA slightly promoted the growth of M117 and M16 but 
had no significant effect on the remaining two strains of 
bacteria (Fig. 3e). LIG and ILIG had inhibitory effects on 
the growth of four bacterial strains, with ILIG having a 
stronger inhibitory ability, but its ability to inhibit M117 
was weaker than that of the other three strains (Fig-
ure  S5). These results suggested that the phenylpropa-
noid biosynthesis pathway may participate in regulating 
the abundance of Massilia.

Massilia increases the content of oil and fatty acids 
in soybean seeds
To explore whether Massilia plays a role in the accu-
mulation of seed oil, we planted one low-oil cultivar 
(Jilinchalihua) and one high-oil cultivar (Hefeng52) in a 
greenhouse under normal water and fertilizer conditions 
and treated them with the four mixed Massilia suspen-
sions twice, at the seedling and flowering stages. The 
mixed Massilia treatments led to a significant increase 
in the seed weight of the low-oil cultivar Jilinchalihua 
but not the high-oil cultivar Hefeng52 (Fig. 4a). Intrigu-
ingly, we found that the Massilia treatments significantly 

Fig. 2 Effects of the root exudates of different oil-content cultivars on soil microorganisms. a Shannon index measurement for bacterial 
communities from water and different root exudate treatments. The values are the means ± SDs (n = 3). Different letters represent significant 
differences at P < 0.05, as determined via ANOVA with the Student‒Newman‒Keuls test. b PCoA based on Bray‒Curtis distances of the microbial 
community of water and different root exudate treatments (n = 3). c The relative abundances of the top 16 family taxa and the top 15 genera 
after treatment with the different varieties of root exudates. The values are the means ± SDs (n = 3). Different letters represent significant differences 
at P < 0.05, as determined via ANOVA with the Student‒Newman‒Keuls test

(See figure on next page.)
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Fig. 2 (See legend on previous page.)



Page 9 of 15Han et al. Microbiome  (2024) 12:224 

increased the oil content of the seeds of both cultivars 
(14.9% for Jilinchalihua and 15.7% for Hefeng52) but 
had no effect on the protein content (Fig.  4a). We sub-
sequently measured the contents of 19 major fatty acids 
via gas chromatography (GC). In Jilinchalihua, 19 types 
of fatty acids increased  to varying degrees in abun-
dance after Massilia treatment; among them, the level 
of C18:2n6c increased the most, followed by C18:1n9t, 
C20:0 and C22:0 (Fig. 4b). In contrast, in Hefeng52, the 
contents of these fatty acids did not change significantly 
after treatment with Massilia (Figure  S6), implying that 
the proportion of fatty acids in the cultivar Hefeng52 may 
have reached saturation.

Massilia activates the auxin signaling and glycolysis 
metabolism pathways
As rhizosphere bacteria, Massilia species were reported 
to promote shoot growth and nitrogen accumulation in 
the maize lateral root-defective mutant lrt1 under nitro-
gen deprivation [21]. We selected Massilia M16 and 
M117 to treat soybean separately under different nitro-
gen conditions. These two strains were the closest rela-
tives of Massilia ASV 84777 and ASV 70281 according to 
the phylogenetic tree based on the 16S rRNA gene (Fig-
ure S7). Similarly, they increased soybean plant height and 
leaf nitrogen accumulation under LN conditions (Fig. 5a). 
In comparison, the leaf nitrogen content of the plants 
treated with strain M117 significantly increased under 
both LN and NN conditions compared with those of the 
control and M16 (Fig. 5a). In addition, we found that the 
presence of Massilia promoted root length under NF, LN, 
and even NN conditions (Fig.  5a). To understand how 
Massilia affects the seed oil content and plant growth, we 
analyzed the transcriptomes of the roots and leaves of the 
above plant materials treated with M16 and M117 under 
different levels of nitrogen. PCA revealed that the gene 
expression patterns in the roots were distinct among the 
different nitrogen treatments, whereas, in the leaves, the 
gene expression patterns under the NF and LN conditions 
were similar, with significant differences compared with 
those under the NN conditions (Figure S8). This pattern 
suggested that Massilia had the greatest effect on plants 

under NN conditions relative to the other two nitrogen 
conditions. The differentially expressed genes (DEGs) 
between the treatment (M16 or M117) and control sam-
ples under the three nitrogen conditions were identified 
via false discovery rate (FDR < 0.05, and fold change > 2) 
analysis. In total, 3081 and 6069 significant DEGs were 
identified in the roots and leaves, respectively.

Next, we performed Gene Ontology (GO) enrich-
ment analysis of the upregulated and downregulated 
DEGs between the M117 or M16 and CK treatments. 
Among the upregulated DEGs in the M117 and CK treat-
ments, only a few GO terms (among the top 50) were 
enriched, mainly under LN and NN conditions, and they 
were related to ion transport and plant-type cell wall 
organization or biogenesis (Fig. 5b). Similar results were 
observed between the M16 and CK treatments; moreo-
ver, “photosynthesis”-related GO terms were enriched 
under NN conditions (Figure  S9). Further gene expres-
sion analyses revealed that the genes related to auxin 
biosynthesis and signaling pathways (YUCCA3, AUX1, 
IAA28, IAA20, PIF4, PIN2, and SAU76) and amino acid 
transport and metabolism (NPF3.1, ASP5, fadM, AMP1, 
and ASRGL1) were significantly increased in M16- and 
M117-treated roots under LN conditions, whereas the 
genes associated with nitrogen/amino acid transport 
and metabolism (NIT1, AAP7, and ASP5) and inorganic 
ion transport and metabolism (FRO4, CTR1, ZIP1 and 
YSL3) were significantly increased in M16- and M117-
treated roots under NN conditions (Fig.  5c, Table  S9). 
Under NN conditions, the M16 and M117 treatments 
also upregulated the expression of auxin-related genes 
(AUX1, IAA28, IAA29, and GH3.1) in the leaves (Fig. 5c, 
Table S10). These results suggested that Massilia induced 
the expression of auxin- and nutrient absorption-related 
genes to promote plant growth. However, the expression 
levels of these genes were greater in plants treated with 
M117 than in those treated with M16, which was con-
sistent with their growth phenotypes (nitrogen content) 
under LN or NN conditions.

Notably, we found that GLGC, PYK, DGLB, DAD1, 
ERLL3, SSG1, and SPSA3, which are related to “lipid 
transport and metabolism”, “glycolysis” and “sucrose 

(See figure on next page.)
Fig. 3 Relationships between root exudate compounds and microbial taxa. a Heatmap of the identified metabolites (top 50) in the root exudates 
of the six cultivars. The color indicates the level of metabolite accumulation, from low (blue) to high (red). b PCA of the metabolite accumulation 
levels in the root exudates of the six cultivars. c Spearman correlations (p < 0.05) between metabolites and Massilia were visualized in Cytoscape_
v3.7.1. The edge color represents positive (red) and negative (blue) correlations. The other different colors of the nodes (square) indicate 
the corresponding metabolites. Different colors represent different substance categories. d Growth of Massilia isolates (M10, M16, M22, and M117) 
on M9 medium with metabolites in the phenylpropanoid biosynthesis pathway. DMSO, dimethyl sulfoxide; GLU, glucose; ILIG, isoliquiritigenin; 
DAZ, daidzein; p-CA, p-coumaric acid; 4-HBZ, 4-hydroxybenzaldehyde; 4-HBA, 4-hydroxybenzoic acid. The results represent one of three replicates 
with similar results. e Effects of different concentrations of 4-HBZ and DAZ on the growth of Massilia isolated (M10, M16, M22, and M117) 
within 36 h. Statistical analyses were performed via Mann‒Whitney nonparametric tests and significance is denoted by asterisks, where * indicates 
P < 0.05. The data are presented as the median value ± SD (n = 3)
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Fig. 3 (See legend on previous page.)
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metabolism”, respectively, were also significantly upregu-
lated in roots after the M16 and M117 treatments under 
LN conditions (Fig. 5c, Table S9), whereas ACSL, WSD1, 
PFKA, and PYK, which are involved in “lipid metabolism” 
and “glycolysis”, were significantly upregulated in roots 
after Massilia treatment under NN conditions (Fig.  5c, 
Table S9). In leaves, a “lipid metabolic” gene (DAGL) and 
“starch and sucrose metabolic” genes (OSTB and GLGC) 
were induced by Massilia under LN conditions (Fig. 5c, 
Table  S10), and more “lipid metabolic” genes (WSD1, 
DAGL, PLD1_2, FAB2, and ACSL) and “glycolytic process 
(pyruvate metabolism)” genes (PDC, ADH1, GAPDH, 
PYK, and PFKA) were induced by Massilia under NN 
conditions (Fig. 5c, Table S10). Glycolysis has been previ-
ously shown to be the key pathway for oil production in 
oil crops [48]. Further qRT-PCR analysis confirmed the 
strong upregulation of pyruvate kinase (PYK) and pyru-
vate decarboxylase (PDC) in the leaves after M117 treat-
ment (Fig.  5d). Thus, we speculated that the presence 
of Massilia may increase the oil content in soybean by 
affecting the glycolysis pathway.

For the downregulated DEGs, the GO terms enriched in 
roots were plant-type cell wall organization, polysaccharide 

binding, beta-glucosidase activity and jasmonic acid 
metabolic process, whereas the GO terms enriched in 
leaves were plant-type cell wall organization or biogen-
esis under LN conditions. Under NN conditions, the GO 
terms enriched in the roots were related mainly to “lignin 
metabolic process” and “metal ion transport”, whereas the 
GO terms enriched in the leaves were few and involved 
mainly “ion transport”. Interestingly, we found that active 
oxygen-related metabolic processes (hydrogen peroxide 
metabolic process and peroxidase activity) were enriched 
in roots under all nitrogen conditions (Fig.  5b), indicat-
ing that these responses induced by Massilia were inde-
pendent of external nitrogen conditions. The main genes 
involved were a respiratory burst oxidase homologous 
protein-encoding gene (BRBOH), cytochrome P450 genes 
(CYP84A1, CYP71D8, and CYP78A3), and multiple per-
oxidase genes (including 6, 9, and 11 genes under WN, LN, 
and NN conditions, respectively) (Tables S9). These results 
suggested that Massilia may also interfere with cell wall-
related and active oxygen-related metabolism. The cell wall 
and active oxygen metabolism are closely related to plant 
root growth and development [49, 50], but whether these 
processes participate in the regulation of the oil content in 

Fig. 4 Effects of Massilia on soybean quality and fatty acid content. a Seed weight and protein and oil contents in Jilinchalihua and Hefeng52 
after Massilia treatment. The values are the means ± SDs (n = 3). b Content of FA species in Jilinchalihua seeds after Massilia treatment. The values 
are the means ± SDs (n = 3). Statistical analyses were performed via Mann‒Whitney nonparametric tests and significance is denoted by asterisks, 
where * indicates P < 0.05. CK, control; Mas, Massilia treatment
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Fig. 5 Massilia affected plant growth and the glycolytic pathway. a Plant height and N content in the roots and leaves of plant under NF, LN and NN 
conditions after Massilia treatment. b GO enrichment analysis of DEGs in roots and leaves between the treatment (M117) and control samples 
under three nitrogen conditions. c Heatmap of DEGs related to ion transport, plant-type cell wall organization or the biogenesis auxin pathway, 
amino acid transport and metabolism in roots or leaves, and lipid transport and metabolism, glycolysis, and starch and sucrose metabolism 
identified via RNA-Seq analysis. d Quantitative RT‒PCR measurements of glycolysis-related gene expression levels. Mean ± SD, n = 3 and with 3 
technical replicates. Statistical analyses were performed via Mann‒Whitney nonparametric tests, and significance is denoted by asterisks, where * 
indicates P < 0.05 and *** indicates P < 0.001. NF: nitrogen-free, LN: low-nitrogen; NN: normal-nitrogen
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seeds is unclear. Together, these results show that Massilia 
may promote plant growth and improve seed oil quality by 
interfering with reactive oxygen species metabolism and 
inducing glycolytic metabolism pathways.

Discussion
The genetic breeding of crops with improved quality and 
higher yield has been a top priority in the past century. 
Compelling evidence has indicated that hosts, symbionts, 
and their associated hologenomes function as single bio-
logical entities in crop trait evolution and that plants and 
rhizosphere microbiomes have coevolved and been cose-
lected [49, 50]. Indeed, host evolution and genetic improve-
ments in agricultural traits, ranging from plant growth and 
stress tolerance to yield, affect the composition of micro-
bial communities in many crop species [9, 51–55]. How-
ever, it has not yet been determined whether the breeding 
of seed-quality traits influences the microbiota of the plant 
rhizosphere. Here, we provide evidence that the genetic 
improvement of seed quality traits (seed oil content) has 
significant effects on the rhizosphere bacteria of soybeans. 
First, our results revealed differences in the diversity and 
composition of rhizosphere-bacteriomes between lan-
draces and modern cultivars of soybean (Fig.  1a). The oil 
content of the soybean cultivars was subsequently associ-
ated with changes in the rhizosphere bacteria, including 
Sphingomonadaceae, Gemmatimonadaceae, Nocardioi-
daceae, Xanthobacteraceae, Chitinophagaceae, Oxalobac-
teraceae, and Streptomycetaceae (Fig.  1c). These results 
suggested that soybean cultivars with different oil contents 
harbor distinct microbial assemblages. Together, these 
data suggest that soybean host quality trait-linked genetic 
improvement affects the rhizosphere bacterial commu-
nity structure. Thus, our findings establish the associations 
between crop seed quality traits and rhizosphere microbial 
composition and broaden our understanding of crop agri-
cultural trait‒microbial interactions.

These findings raise the question of how seed qual-
ity affects the rhizosphere bacterial community. It has 
been shown that plants are able to modulate the associ-
ated microbiota through the secretion of metabolites, 
such as triterpenes, coumarins and benzoxazinoids, in 
the roots or rhizosphere of Arabidopsis and maize to 
adapt to stress conditions [27, 56–58]. Seed oil content 
and quality are regulated by the spatial and temporal 
influx of metabolites from plants [59]. It is conceivable 
that the seed oil trait is closely related to plant metabo-
lism. Indeed, the composition of the bacterial commu-
nity clearly changed when the soils were treated with the 
root exudates of the soybean cultivars whose seed qual-
ity varied (Fig.  2b). However, among the above quality-
related taxa, only Oxalobacteraceae (Massilia) presented 

a positive response to the root exudates of the high-oil 
cultivars at the community level (Fig.  2c). Massilla spe-
cies are members of fast-growing Proteobacteria in the 
rhizosphere and roots of many plants [60–63], and they 
have an advantage in utilizing plant-derived compounds 
[64]. Therefore, we speculated that high-seed-oil soybean 
varieties may be selected for Massilia in their rhizos-
phere through the secretion of certain root exudates. Our 
further LC‒MS-based metabolomics and plate growth 
experiments revealed that phenolic acids and flavonoids 
in soybean root exudates were related to the enrichment 
of Massilia (Fig. 3). Thus, phenolic acids and flavonoids 
in root exudates play crucial roles in soybean host plant-
Massilia interactions. Recently, root-derived flavones 
have been shown to promote the enrichment of Oxalo-
bacteraceae in the rhizosphere of maize, which in turn 
promotes maize growth and nitrogen acquisition under 
nitrogen deprivation [21]. Here, we found that Massilia 
also promoted the growth of soybean plants under low-
nitrogen conditions (Fig. 5a). Most importantly, Massilia 
significantly increased the seed oil content of both the 
high- and low-oil cultivars (Fig.  4a). To our knowledge, 
this is the first report of rhizosphere bacteria that are 
capable of affecting the seed quality traits of host plants.

Massilia species colonize the rhizosphere of vari-
ous host plant species and interact with host plants 
through multiple means, such as by solubilizing recal-
citrant phosphate sources, producing the agents viola-
cein and cellulose, and degrading polycystic aromatic 
hydrocarbons [65, 66]. Our transcriptome analysis 
results revealed that Massilia had a significant effect 
on genome-wide gene expression in soybean plants. 
The altered genes are involved in many biological 
processes, such as plant growth regulation, cell wall 
organization and biogenesis, and hydrogen peroxide 
metabolism, suggesting that Massilia influences many 
aspects of plant growth and metabolism. Notably, we 
found that genes related to glycolysis, especially the 
pyruvate kinase PYK and pyruvate decarboxylase PDC, 
were significantly upregulated in the leaves (Fig.  5b–
d). In Arabidopsis, pyruvate kinase catalyzes a crucial 
step in the conversion of photosynthate to oil, and dis-
ruption of the enzyme-encoding gene caused a 60% 
reduction in the seed oil content [48]. The loss of the 
pyruvate transporter also led to a decrease in the seed 
oil content in Brassica napus [43]. These results dem-
onstrated that pyruvate metabolism plays an impor-
tant role in the accumulation of seed oil. The fact that 
Massilia upregulates pyruvate decarboxylase genes 
and other genes in the glycolytic pathway suggested 
that Massilia may promote oil production by enhanc-
ing glycolysis in soybeans.
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Conclusion
Our findings reveal that genetic breeding of seed quality 
traits alters the rhizosphere bacterial community of soy-
beans. An increase in the oil content of soybean plants 
can lead to increased production and secretion of phe-
nolic acids and flavonoids to modulate the abundance 
of microbes, thereby shaping the structure of the rhizo-
sphere bacterial community. Among these microbes, 
Massilia can be assembled in the rhizosphere of high-oil 
cultivars and subsequently activate the glycolysis path-
way to increase the oil content of plants. These findings 
establish a link between the genetic improvement of seed 
quality traits and rhizosphere microbial taxa and advance 
our understanding of complex plant–microbe interac-
tions. The results of this research will help us better man-
age the rhizosphere microbial community and design 
ideal microbial consortia to achieve high crop quality.
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