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Abstract
Background As part of the plant microbiome, endophytic bacteria play an essential role in plant growth and 
resistance to stress. Water-soluble humic materials (WSHM) is widely used in sustainable agriculture as a natural 
and non-polluting plant growth regulator to promote the growth of plants and beneficial bacteria. However, the 
mechanisms of WSHM to promote plant growth and the evidence for commensal endophytic bacteria interaction 
with their host remain largely unknown. Here, 16S rRNA gene sequencing, transcriptomic analysis, and culture-based 
methods were used to reveal the underlying mechanisms.

Results WSHM reduced the alpha diversity of soybean endophytic bacteria, but increased the bacterial interactions 
and further selectively enriched the potentially beneficial bacteria. Meanwhile, WSHM regulated the expression of 
various genes related to the MAPK signaling pathway, plant-pathogen interaction, hormone signal transduction, and 
synthetic pathways in soybean root. Omics integration analysis showed that Sphingobium was the genus closest to 
the significantly changed genes in WSHM treatment. The inoculation of endophytic Sphingobium sp. TBBS4 isolated 
from soybean significantly improved soybean nodulation and growth by increasing della gene expression and 
reducing ethylene release.

Conclusion All the results revealed that WSHM promotes soybean nodulation and growth by selectively regulating 
soybean gene expression and regulating the endophytic bacterial community, Sphingobium was the key bacterium 
involved in plant-microbe interaction. These findings refined our understanding of the mechanism of WSHM 
promoting soybean nodulation and growth and provided novel evidence for plant-endophyte interaction.
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Background
Applying chemical fertilizers, particularly nitrogen com-
pounds, is one of the primary strategies to increase crop 
yields in agricultural systems [1, 2]. However, the exces-
sive use of fertilizers negatively affects soil productivity, 
microbial activity, and environmental quality [2]. Thus, 
environmentally friendly fertilizers, such as biofertilizers 
[3, 4], and agents/methods for increasing the efficiency 
of fertilizers, like biostimulators [5], have been searched 
for sustainable agricultural development. Biofertilizers 
refer to the inoculants of viable microorganisms derived 
from the plant microbiomes, including those colonizing 
in the rhizosphere, phyllosphere, and endosphere [4], 
which could enhance plant growth and yields by improv-
ing nutrient acquisition, resistance to biotic and abiotic 
stresses, and overall plant stability [6].

Among the biofertilizers, plant growth-promoting rhi-
zobacteria (PGPR) with traits of nitrogen fixation, potas-
sium and phosphorus solubilization, and phytohormone 
production are the commonly studied/used ones [4]. Pre-
vious studies on plant microbiomes have mainly focused 
on rhizosphere microbes, which are susceptible to exter-
nal environmental influences and need to compete for 
ecological niches with indigenous microbes in the soil 
when added as biofertilizers [7]. Therefore, endophytes, 
including fungi and bacteria colonizing plant endo-
sphere, have been reported as an alternative resource 
for biofertilizers recently, based upon the fact that they 
present similar biofertilizer traits and form a more stable 
interaction with the hosts than the rhizosphere microbes 
[8]. Similar to the rhizobacteria, endophytic bacteria can 
also produce indole-3-acetic acid (IAA) and siderophore 
and dissolve organic or inorganic phosphorus and min-
eral potassium [9]. So, the role of endophytic bacteria, 
such as Bacillus and Azospirillum, in legume nodulation 
and nitrogen fixation has received increasing attention in 
recent years [10, 11].

Plant biostimulators are normally natural substances, 
which are not toxic and could stimulate the life processes 
of plants [5]. Different from fertilizers or phytohor-
mones/bioregulators, the biostimulators do not directly 
regulate plant metabolism, but might present multiple 
functions by interacting with the signaling systems of 
the plants; however, the exact plant growth-promoting 
(PGP) mechanisms of biostimulators are still not clear 
due to their molecular complexity [12]. As the main com-
ponent of soil organic matter and low-value coal (such 
as lignite) [13], water-soluble humic materials (WSHM) 
have been used as biostimulators [14] to improve crop 
yield and quality. WSHM could increase the yield and 
quality of Stevia rebaudiana Bertoni by reshaping the 
endophyte community and regulating the expression 
of glycosides synthesis genes [15]. Additionally, WSHM 
has been found to promote the growth and survival of 

Sinorhizobium fredii in free-living condition by regulat-
ing gene expression involved in multiple processes. [16]. 
Therefore, WSHM might promote plant growth through 
the dual regulation of plants and their microbiome.

Soybean is an important grain and oilseed crop. The 
symbiotic nitrogen fixation system formed between rhi-
zobia and soybean is a primary source of nitrogen for 
soybean and its intercropped or successively cultures 
crop in nature, and the key to symbiotic nitrogen fixa-
tion is that the rhizobia must successfully colonize the 
soybean roots [17]. Previous studies have revealed that 
the interactions among the symbiotic bacteria (rhizobia) 
and the other root-associated bacteria (nodule and root 
endophytic bacteria, rhizosphere bacteria) might play an 
essential role in the nodulation and growth of legumes, 
which may inhibit or compete with the root colonization 
of rhizobia [18], or improve the nodulation [19]. Our pre-
vious studies confirmed that WSHM could significantly 
promote the growth of rhizobia, enhance its nod gene 
expression, and increase its colonization ability on the 
host root surface, thus improving the soybean nodula-
tion and nitrogen fixation [13, 16]. Recently research has 
demonstrated that WSHM could affect the content and 
distribution of endogenous soybean hormones to pro-
mote nodulation and growth [20]. However, the effect of 
WSHM on the assembly of soybean endophytic bacteria 
has not been reported so far.

In the present study, high throughput sequencing of 
16S rRNA gene amplicons and cultivation-depending 
methods were used to reveal the effects of WSHM on 
endophytic bacteria, and combined with transcriptomic 
analysis of soybean roots, revealed the critical microbes 
that play an essential role in plant-microbe interactions. 
The present study’s results will help reveal the mecha-
nism of WSHM as a biostimulator to promote soybean 
nodulation and growth from the perspective of endo-
phytic bacteria and provide new ideas for exploiting syn-
ergistic strains with rhizobia.

Materials and methods
Preparation of WSHM, pot experiment, and sample 
collection
WSHM was extracted by biodegradation of lignite col-
lected from the Huolingele Minerals Administration 
Coalmine, Inner Mongolian Autonomous Region, China 
[21]. The obtained WSHM contained 49.7% C, 3.7% H, 
2.5% N, and 43.6% O [21].

For the greenhouse pot experiment, seeds of Glycine 
max cv. Xudou18 were surface-sterilized and germi-
nated as described [22]. The germinated seedlings were 
planted in pots (19 × 15 cm) filled with a 3:1 mixture of 
vermiculite and soil collected from Jining City, Shandong 
Province. The soil has the physiochemical features of pH 
8.1, 26.3 g/kg of organic matter, 1.38 g/kg total nitrogen, 
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0.885  g/kg total phosphorus, 21.4  g/kg total potassium, 
179  mg/kg alkali-hydro nitrogen, 38.6  mg/kg available 
phosphorous, 38.6  mg/kg available potassium, and 34.2 
mS/m for electrical conductivity. One seedling was put 
in each pot filled with approximately 0.5 kg soil. All pots 
with seedlings were cultured in a naturally-lit green-
house (day/night temperatures were maintained at 28 
°/20°C and relative humidity of 60%) and were divided 
into a WSHM treatment group and a control group, with 
12 plants in each. After the first trifoliate leaf unfolded, 
seedlings in the WSHM treatment group were watered 
with 10 mL of 500 ppm WSHM in the root every five 
days until the sampling (5 times of watering for the veg-
etative growth stage and 15 times for the flowering stage). 
Seedlings in the control were watered with the same vol-
ume of deionized water.

All plants were harvested 33 and 82 days after sowing, 
corresponding to the vegetative growth and flowering 
stages, respectively, to measure the shoot and root fresh 
weight, nodule number and fresh weight, and flower 
number. For molecular characterization, three plants of 
each treatment were transported to the laboratory on dry 
ice, where each plant sample was divided into three com-
partments: leaf, stem, and root. In total, 36 samples were 
prepared (2 developmental stages × 3 plant compart-
ments × 2 treatments × 3 replicates). The plant tissues 
were rinsed with 75% ethanol for 2 min, 1% (w/v) NaClO 
for 2  min, and finally washed with sterilized distilled 
water five times for surface sterilization. To confirm the 
successful surface sterilization, an aliquot of 100 µL of 
water from the final rinse was plated on LB plates, incu-
bated at 28 °C for 72 h, and observed for the presence or 
absence of microbial colony. Each sample (0.25  g) was 
ground in liquid nitrogen and stored at -80 ºC for DNA 
extraction as mentioned subsequently. In addition, a part 
of the root samples (0.1 g, without surface sterilization) 
were ground separately in liquid nitrogen and stored at 
-80 ºC for RNA extraction.

High throughput sequencing and quantitative polymerase 
chain reaction (qPCR) of 16 S rRNA genes
Total DNA was extracted from each sample using the 
PowerSoil DNA Isolation Kit (MoBio) [23]. The 799F 
[24] and 1061R [25] primers were used to quantify the 
total bacteria by the qPCR in 20 µL of the reaction mix-
ture with the corresponding procedure [26]. Standard 
curves were generated using a decimal dilution of a plas-
mid containing the target template. For investigating the 
diversity, the V5–V7 regions of the bacterial 16 S rRNA 
gene were amplified from the DNA of each sample, fol-
lowing two rounds of PCR using the primer pairs 799F 
[24]/1392R [27] for the first PCR with 27 cycles, and 
799F/1193R with 12 PCR cycles to reduce the chloroplast 
amplification [28]. PCR amplification, purification of 

PCR products, sequencing of amplicons, quality filtration 
of raw sequences, obtain operational taxonomic units 
(OTUs) definition, and taxonomic identification were 
all performed as described previously [29]. In addition, 
OTUs detected in at least three samples were retained, 
but those annotated as chloroplast, mitochondria, and 
Wolbachia (pathogenic bacteria for arthropods) were 
removed. Finally, 12,015 reads per sample was retained 
based on the minimum number of sample sequences.

Alpha diversity (Sobs, Shannon, Simpson, Ace, Chao1, 
and coverage index) of the endophytic bacterial commu-
nity in each sample was calculated in QIIME [30]. One-
way analysis of variance (ANOVA) followed by Duncan’s 
multiple range test (p < 0.05) in SPSS 25 software was 
used for statistical analysis. Rarefaction curves of the 
coverage index of 16 S rRNA gene was generated on the 
online Majorbio Cloud Platform (http://www.majorbio.
com/). Boxplots presented by GraphPad Prism 8.0.2 soft-
ware were used to reflect differences in the Sobs index 
and 16 S rRNA gene copies of samples between different 
treatments and developmental stages. Bacterial commu-
nity beta diversity was assessed by non-metric multi-
dimensional scaling (NMDS) (R package “vegan”) using 
Bray–Curtis distance matrices [31, 32]. The relative con-
tribution of different factors on community dissimilarity 
was tested with PERMANOVA using the “adonis” func-
tion (R package “vegan”) [33], with 999 permutations, 
and using Bray–Curtis distance matrix as an input. The 
stacked bar charts were used to show changes in com-
munity composition at phyla and genus levels (R package 
“ggplot2”) [34]. The significant differential bacteria were 
conducted by the STAMP software (Kruskal-Wallis test, 
p < 0.05) [35], and the results were shown by volcano plot 
(R package “ggplot2”, “ggrepel” and “dplyr”, log2 | FC |>1, 
p < 0.05) [31]. Co-occurrence network analysis was per-
formed by using the Networkx Software based on Spear-
man correlation scores (Spearman’s ρ > 0.6 or ρ < −0.6; 
p < 0.05) [36]. The networks were visualized in Gephi 
(0.9.2) [37], each network contains 9 samples.

Transcriptomic analysis and reverse transcription 
quantitative-PCR (RT-qPCR) of soybean root genes
Root samples in the vegetative growth stage (on the 
33rd day) were selected for RNA extraction, sequenc-
ing, and RT-qPCR. RNA was extracted using the Eastep 
Super Total RNA Extraction Kit (Promega) [16]. The 
library construction, sequencing, and mapping processes 
were performed according to the standard protocols 
by Majorbio Bio-Pharm Technology Co. Ltd. (Shang-
hai, China). The obtained sequences were used for bio-
informatic analysis, and clean tags were mapped to the 
reference genome in the Glycine_max_v2.1 reference 
genome. The level of gene expression was estimated by 
the expected number of transcripts per million reads 

http://www.majorbio.com/
http://www.majorbio.com/
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(TPM) and differentially expressed genes (DEGs; FDR 
< 0.05 and | log2FC | > 1) were identified by DESeq2 (R 
package “DESeq2”) [38]. Kyoto Encyclopedia of Genes 
and Genomes (KEGG) enrichment analysis was used to 
estimate the functions of DEGs (R package “clusterPro-
filer”) [39].

The critical genes involved in significantly changing 
pathways (MAPK signaling pathway-plant, plant-patho-
gen interaction, plant hormone signal transduction, and 
synthesis pathway) were manually selected for validation 
using RT-qPCR, the involved genes and their primers for 
RT-qPCR are listed in Additional file: Table S1. Primers 
were designed using NCBI primer-BLAST. The reac-
tion system containing 10 µL of RealStar Green Power 
Mixture with ROX II (2×), 0.4 µL 10 µM primer F, 0.4 
µL 10 µM primer R, 5 µL cDNA (dilute 3 times), and 4.2 
µL nuclease-free water. PCR conditions were 95  °C for 
10  min, followed by 40 cycles of template denaturation 
at 95 °C for 15 s, primer annealing at 60 °C for 30 s, and 
template extension at 72  °C for 30 s. The GmActin gene 
was used as an internal control for RT-qPCR [40].

Correlation analysis between endophytic bacteria and 
DEGs in the root
The 38 genera with increased relative abundance in Pro-
teobacteria (to eliminate spurious correlations, only the 
genera found at least in 3 samples were retained) and 147 
DEGs significantly changed in MAPK signaling pathway, 
plant-pathogen interaction, plant hormone synthetic and 
signal transduction after WSHM treatment were selected 
for correlation analysis using Spearman coefficient (R 
package “corrplot” and “pheatmap”, Spearman’s ρ > 0.6 or 
ρ < −0.6; p < 0.05) [41]. The networks were visualized in 
Cytoscape 3.9.0 [42].

Isolation of endophytic bacteria and their PGP traits
Endophytic bacteria of soybean were only analyzed for 
samples in the vegetative growth stage, because the high 
throughput sequencing revealed that WSHM treat-
ment significantly reduced the Sobs index at the veg-
etative growth stage, but not at the flowering stage. The 
root, stem, and leaf samples were collected and surface 
sterilized as described above. Then the samples were 
ground (1:10, w/v) and diluted separately in sterile phos-
phate buffer solution (PBS) up to 10− 4. Aliquots of 0.1 
mL of each dilution were spread on the surface of tryp-
tic soybean broth medium (TSB medium), nutrient 
agar medium (NA medium), R2A agar medium (R2A 
medium), humic acid medium (HA medium), and King’s 
B medium (KB medium), respectively [43–46] to ensure 
most of the bacteria could be isolated. After incubated 2 
to 7 days at 28 °C, single colonies with different charac-
ters (color, size, form etc.) were picked up and purified 
by repeatedly streaking on the same medium. For each 

purified microbial isolate, genomic DNA was extracted 
with the Qiagen genomic DNA kit and used to amplify 
the 16S rRNA gene with primers 27F (5’-AGAGTTT-
GATCCTGGCTCAG-3’) and 1492R (5’-GGTTACCTT-
GTTACGACTT-3’) and the PCR product was sequenced 
by Shanghai Sangon Biotechnology (Shanghai, China). 
The acquired sequences were identified using the EzBio-
Cloud database (https://www.ezbiocloud.net/) [47] and 
a phylogenetic tree was constructed with the Neighbor-
joining method in MEGA 6 and modified with Evolview 
(http://www.evolgenius.info/evolview/) [48]. IAA pro-
duction was detected for each isolate according to the 
procedure of Glickmann and Dessaux [49]. For testing 
the ability to solubilize inorganic phosphorus, organic 
phosphorus, and potassium and to produce siderophore, 
1 µL of bacterial culture was inoculated in triplicate on 
the plates of the National Botanical Research Institute’s 
phosphate growth medium (NBRIP medium), Mongina 
organic culture medium with lecithin, Aleksandrov agar, 
and Chrome Azurol S agar medium (CAS medium), 
respectively [50, 51]. NH3 production was detected by 
Nessler’s reagent, and nitrogen fixation potential was ver-
ified by PCR amplification of the nifH gene (iron protein 
subunit of nitrogenase) from the genomic DNA [50].

Effects of endophytic isolate TBBS4 on soybean growth 
and nodulation
For inoculation tests, seeds of G. max cv. Xudou18 were 
surface-sterilized and germinated as described above. 
The germinated seedlings were planted in pots (70 × 
75  mm) filled with sterile vermiculite containing low-N 
nutrient solution [22], which were cultured at 28 ºC under 
the cycle of light/darkness 16 h/8 h. When the unifoliate 
leaves were fully expanded, the seedlings were inoculated 
separately in root zone (1 cm in depth near the base part 
of the stem) with 1 mL of suspension of (i) the endo-
phytic strain Sphingobium sp. TBBS4 (obtained in this 
study) (OD600 = 0.5, approximately 6 × 107 CFU/mL); (ii) 
the symbiotic strain S. fredii CCBAU45436 [16] (OD600 
= 0.02, approximately 2 × 107 CFU/mL); or (iii) mixture 
of these two strains in a 1:1 (v/v) ratio for co-inoculation. 
All the suspensions were prepared as described previ-
ously [16]. The suspension was replaced by sterilized PBS 
as a control treatment. Soybean roots were sampled on 
the 1st, 2nd, 3rd, 5th, and 7th days post-inoculation (dpi) (3 
samples per treatment) and used for RNA extraction and 
RT-qPCR analysis for della gene expression level, which 
encodes the DELLA protein involved in legume-rhizobia 
symbiosis [52], and for expression of genes involved in 
ethylene and jasmonate syntheses, which negatively reg-
ulated nodulation in legumes [53]. The 7th-day soybean 
was sealed and incubated in the growth chamber at 28 ºC 
for 24 h to measure the ethylene production level by gas 
chromatography, with 6 samples per treatment [54]. The 

https://www.ezbiocloud.net/
http://www.evolgenius.info/evolview/
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fresh and dry weights of soybean shoot and root were 
measured 14 days after Sphingobium sp. TBBS4 inocula-
tion singly, with 14 samples per treatment. The soybean 
shoot and root length, fresh weight, dry weight, nodule 
number, and nodule fresh and dry weight were measured 
28 days after S. fredii CCBAU45436 inoculation singly 
and co-inoculation with Sphingobium sp. TBBS4, with 7 
samples per treatment.

Statistical analysis
Results of qPCR, RT-qPCR, ethylene levels, and soybean 
physiological indicators were analyzed using SPSS 25 
software (ANOVA signification tests were carried out, 
followed by Duncan’s multiple range test, linear regres-
sion analysis) or Excel (Student’s t-test). The data were 
presented by GraphPad Prism 8.0.2 software with the 
mean ± standard deviation (SD).

Results
Effects of WSHM on soybean nodulation and growth
The beneficial effect of WSHM on soybean was evi-
denced by the pot experiments: WSHM treatment signif-
icantly increased the number and fresh weight of nodule 
by 80.13% and 52.50%, respectively, in the vegetative 
growth stage (Fig.  1A); and significantly increased soy-
bean shoot fresh weight and number of flowers by 14.04% 
and 41.79%, respectively, in the flowering stage (Fig. 1B).

Effects of WSHM on endophytic bacterial community 
assembly
In the high throughput sequencing analysis, as the num-
ber of reads increased to 12,000 reads, the rarefaction 
curves for all the samples tended to flatten out, indicating 
that the sequencing depth was sufficient (Additional file: 
Fig. S1). A total of 962 (in VWSHM) − 1644 (in FWSHM) 
OTUs were identified, with coverage values varied from 
98.7% (in FWSHM treatment) − 99.6% (in VWSHM 
treatment) (Additional file: Table S2). The PERMANOVA 
analysis showed that all the tested variables (soybean 
compartment, soybean developmental stage, and WSHM 
treatment) significantly affected the endophytic com-
munity assembly (Fig. 2A, p < 0.001). While the effect of 
WSHM treatment was greater in the vegetative growth 
stage (Fig. 2B, R2 = 0.118, p < 0.001) than in the flower-
ing stage (Fig.  2C, R2 = 0.087, p < 0.05). WSHM treat-
ment significantly reduced the Sobs and Chao1 indexes 
in the vegetative growth stage, which was consistent with 
the decreased OTU number (Fig. 2D, Additional file: Fig. 
S2A, Table S2), but caused no significant change in total 
bacterial abundance (16S rRNA gene copies) (Fig.  2E, 
Additional file: Fig. S2B).

Taxonomic analysis (Fig.  3A) revealed that the major 
phyla of soybean endophytic bacteria were Proteobac-
teria, Actinobacteria, Firmicutes, and Bacteroidetes, in 
which Proteobacteria was the most dominant phylum 
despite the treatment and developmental stage. Com-
pared with the control, the WSHM treatment increased 
the abundance of Proteobacteria in both the vegetative 

Fig. 1 Plant physiological indicators in the pot experiment. (A) the soybean physiological indicators in the vegetative growth stage and (B) in the flower-
ing stage. Con: root watering with deionized water; WSHM: root watering with WSHM. Student’s t-test, * p < 0.05; ** p < 0.01; *** p < 0.001. Data are means 
± SD (n ≥ 10). The control treatment was defined as 100%
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Fig. 2 Assembly of soybean endophytic bacterial community. Nonmetric multi-dimensional scale (NMDS) ordinations and PERMANOVA analysis based 
on Bray-Cutis distance in the (A) different development stages, (B) vegetative growth, and (C) flowering stages. Stress showed the representativeness of 
NMDS, stress < 0.2 indicated the figure was credible, and the fit was sufficient. The R2 and p were PERMANOVA results, R2 stands for the contribution of fac-
tors to community assembly differences, and p < 0.05 indicated that factors significantly affected the assembly of bacterial community. (D) Sobs index of 
the endophytic bacterial community under different treatments in the vegetative growth and flowering stage. (E) Quantification of endophytic bacteria 
under different treatments in the vegetative growth and flowering stage. Different letters above the error bar indicate a significant difference between 
means (One-way ANOVA with Duncan’s test, p < 0.05). Data are means ± SD (n = 9). V: vegetative growth stage; F: flowering stage; Con: root watering with 
deionized water; WSHM: root watering with WSHM
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growth stage (from 52.10 to 54.23%) and the flowering 
stage (from 59.85 to 63.65%). At the genus level, the main 
endophytic bacteria of soybean were Sinorhizobium, Bre-
vundimonas, Pseudomonas, Massilia, Comamonas, Bacil-
lus among the four sample groups (two treatments × two 
developmental stages: VCon, VWSHM, FCon, FWSHM) 
(Fig. 3B). Sinorhizobium was the most abundant genus in 
three sample groups but not in VWSHM, Brevundimo-
nas as the common abundant genus among all the sample 
groups, Pseudomonas was abundant only in FWSHM, 
while Massilia was abundant in both the treatments in 
the flowering stage, Comamonas was abundant only 
in VWSHM, Bacillus was abundant in both the treat-
ments in the vegetative growth stage. In WSHM treat-
ment, the abundances of 8 genera, including the potential 
plant-beneficial bacteria Sphingobium, norank_o_Rho-
dospirillales, Comamonas, Delftia, and Flavobacterium, 
increased significantly in the vegetative growth stage 
(Fig.  3C). Among them, Sphingobium increased in all 
the compartments (root, stem, and leaf ) (Additional file: 

Table S3). And 15 genera, including the potential plant-
beneficial bacteria Pseudomonas, increased significantly 
by WSHM treatment in the flowering stage(Fig. 3D). As 
for the decreased genera, Planococcus was significantly 
decreased after WSHM treatment in both the vegetative 
growth and flowering stages (Fig. 3C, D).

The co-occurrence network (Fig. 4) demonstrated that 
WSHM had a significant impact on the interactions 
among endophytic bacteria. In both the developmen-
tal stage, WSHM treatment increased bacterial inter-
actions compared to the control group, as evidenced 
by increased the number of edges (from 169 to 205 in 
VWSHM and from 241 to 461 in FWSHM) and average 
degree (from 7.04 to 8.72 in VWSHM and from 10.26 to 
19.21 in FWSHM). These effects were mainly observed 
in the association of Proteobacteria with other bacteria 
(Fig.  4). Further analysis at the genus level showed that 
the WSHM treatment increased the positive correla-
tion of Sinorhizobium with the other endophytic bac-
teria in both the developmental stages, such as Bosea, 

Fig. 3 Soybean endophytic bacterial community composition variation induced by WSHM treatment. Distribution of soybean endophytic bacteria at the 
(A) phylum (top 10 abundance) and (B) genus (top 20 abundance) levels in different soybean developmental stages and under different treatments. V: 
vegetative growth stage; F: flowering stage; Con: root watering with deionized water; WSHM: root watering with WSHM. (C) The genera were significantly 
enriched in WSHM treatments in the vegetative growth stage and (D) in the flowering stage. The red or blue dots indicate the significantly increased or 
decreased genera (log2 | FC |>1, p < 0.05), and the gray dots indicate no significant difference. The top 10 increased or decreased points with significant 
differences are enlarged and labeled
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Clostridium_sensu_stricto_8, and Sphingobium in 
VWSHM (Fig. 4B), and Pseudomonas, Arenimonas, Cell-
vibrio, Rheinheimera, and Ideonella in FWSHM(Fig. 4D). 
Significantly, the present study revealed a novel finding 
that Proteobacteria, as the most dominant endophytic 
bacteria, were the most sensitive group to WSHM stimu-
lation. This sensitivity was demonstrated not only by an 
increase in their abundance, but also by an increase in 
their association with other bacteria.

Whole-transcriptome profiles revealed the correlation of 
endophytic bacteria and DEGs of soybean mediated by 
WHSM treatment
Based on the significant effect of WSHM on soybean 
endophytic bacteria in the vegetative growth stage, the 
transcriptome in roots of the vegetative growth stage 
with/without WHSM treatment were comparatively ana-
lyzed. As a result, 3152 DEGs, with 1193 up-regulated 
and 1959 down-regulated genes were detected, account-
ing for 2.76% of total transcripts, after WHSM treatment 

(Fig.  5A). KEGG enrichment analysis found that these 
DEGs were mainly distributed in the pathway of plant 
hormone signal transduction (63 DEGs), MAPK sig-
naling pathway-plant (57 DEGs) and plant-pathogen 
interaction (46 DEGs) (padj < 0.05) (Fig.  5B, Table S4). 
Furthermore, WSHM also regulated the expression of a 
large number of genes related to plant hormone synthe-
sis (Table S5), which was consistent with the previous 
results [20].RT-qPCR verification of these DEGs showed 
that the expression patterns were consistent with those 
detected by RNA-seq (Fig. S3, p < 0.0001). These results 
suggested that WSHM regulated both the endophytic 
bacterial community and the expression of host genes.
To evaluate the relationships between the shifts in endo-
phytic bacteriome and the gene expression, correlation 
analysis among 38 endophytes (genera) in Proteobacteria 
enriched in WSHM treatment and 145 DEGs of the host 
in the pathway mentioned above were selected for corre-
lation analysis. The result showed that 13 endophytic bac-
teria were strongly (|ρ| > 0.6) and significantly (p < 0.05) 

Fig. 4 Soybean endophytic bacterial co-occurrence networks in different developmental stages and under different treatments (top 50 abundance). 
(A) Co-occurrence networks of the control group and (B) WSHM treatment in the vegetative growth stage. (C) Co-occurrence networks of the control 
group and (D) WSHM treatment in the flowering stage. The nodes size represents the degree’s size; the node’s color represents the different phylum; the 
line between nodes represents the correlation, the red line means positive correlation, and the green line indicates negative correlation. Genera with a 
significant positive correlation with Sinorhizobium are labeled. V: vegetative growth stage; F: flowering stage; Con: root watering with deionized water; 
WSHM: root watering with WSHM.
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Fig. 5 Transcriptome analysis of soybean roots after WSHM treatment. (A) Horizontal coordinate is the multiplicity of expression differences between 
the treated sample (WSHMR) and the control sample (ConR). Each dot in the graph represents a specific gene. (B) Histogram showing KEGG significantly 
enrichment analysis of DEGs. The chart shows the most enriched 15 pathways. Fisher’s exact test with FDR correction: padj < 0.05. (C) Co-occurrence 
network showing the interactions between DEGs and endophytic bacteria at the genus level. Only the correlations with Spearman’s ρ > 0.6 or ρ < −0.6, 
and p < 0.05 were selected. Nodes represent DEGs (green) and genera (red), and lines represent positive (red) and negative (blue) connections
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correlated with 99 genes of soybean (Fig. 5C, Additional 
file: Table S6). Among them, Sphingobium presented 
interactions with 43 host DEGs, mainly including the 
genes of plant hormone synthesis and signal transduc-
tion and plant-pathogen interaction pathways. Following 
Sphingobium, the genera Brevundimonas, Delftia, Coma-
monas, and norank_o__Rhodospirillales presented inter-
actions with 39, 34, 31, and 31 DEGs, respectively. These 
five genera shared most of the DEGs correlated with 

them, and presented the same positive or negative cor-
relations with the shared DEGs. For example, four genera 
positively correlated with DEG no. 15 (gene E.1.14.11.15), 
no. 35 (ARR-B), and no. 70 (PTI6); while 5 genera were 
negatively correlated with DEG no. 87 (SAUR). These 
results suggested that some interactions existed among 
plant metabolism change of soybean, and shift of endo-
phytic bacteriome after WSHM treatment, and Sphin-
gobium might play a key role in these interactions.

Fig. 6 Identification and plant growth-promoting properties of isolated endophytic bacteria from the control or WHSM-treated soybean. The neighbor-
joining tree was generated according to the 16S rRNA gene sequences of 84 bacterial strains. The phylum and genus to which the strains belong have 
been colored and texted in the figure. The circles with a different color showed that the strain has one or more functions of indole acetic acid (IAA) pro-
duction, inorganic phosphorus solubilization, organic phosphorus solubilization, mineral potassium solubilization, siderophores production, NH3 produc-
tion, and nitrogen fixation potential. The different colors of the triangle represent separation from different compartments of the soybean. The different 
colors of the rightmost square represented which treatment the strains were isolated from
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Effects of endophytic Sphingobium sp. TBBS4 on soybean 
nodulation and growth
To experimentally prove the correlation between endo-
phytic bacteria and soybean gene expressions, endo-
phytic bacteria were isolated and re-inoculated to 
soybean seedlings. In this study, 84 endophytic bacteria 
were isolated from different compartments of soybean 
with/without WSHM treatment, and they were identified 
into 28 genera in Proteobacteria (13 genera), Firmicutes 
(6 genera), Actinobacteria (7 genera) and Bacteroides 
(2 genera) (Fig.  6). Among them, 38 isolates produced 
IAA, 14 solubilized inorganic phosphorus, 42 solubilized 

organic phosphorus, 3 solubilized mineral potassium, 
36 produced siderophores, 56 produced NH3, and 5 
had nitrogen fixation potential. Most of the strains with 
growth-promoting characteristics were Proteobacte-
ria. Less genera were identified in the WSHM treatment 
(13 genera) compared with those in control (19 genera), 
which was also consistent with the decreased alpha diver-
sity in WSHM treatment (Fig. 2D).

Based on its identification as key bacterial genus to 
cause host transcription differences (Fig.  5C), as well 
as its high IAA-production (Additional file: Fig. S4, 
95.54 mg/L in 120 h), the strain Sphingobium sp. TBBS4 

Fig. 7 Effect of Sphingobium sp. TBBS4 on the growth and nodulation of soybean. (A-B) Effect on the growth of soybean at 14 dpi with Sphingobium sp. 
TBBS4 inoculation singly (n = 14) and (C) at 28 dpi with Sphingobium sp. TBBS4 and S. fredii CCBAU45436 co-inoculation (n = 7). Student’s t-test, * p < 0.05; 
** p < 0.01; *** p < 0.001. (D) Detection of della gene expression level after 1, 3, 5, and 7 days of Sphingobium sp. TBBS4 inoculation. Different letters above 
the error bar indicate a significant difference between means (One-way ANOVA with Duncan’s test, p < 0.05). Data are means ± SD (n = 3). Expression 
levels were normalized against the reference gene GmActin. Con: control group, inoculated with sterilized PBS; TBBS4: Sphingobium sp. TBBS4 inoculation 
singly; Rhi: S. fredii CCBAU45436 inoculation singly; Rhi + TBBS4: co-inoculation of Sphingobium sp. TBBS4 with S. fredii CCBAU45436
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isolated from the stem of soybean in WSHM treatment 
was selected for further inoculation tests. The inocu-
lation tests with Sphingobium sp. TBBS4 significantly 
increasedboth the fresh or dry weights of soybean shoot 
and root by 11.80%, 28.73%, 25.40% and 20.09%, respec-
tively (Fig. 7A, B). In co-inoculation of Sphingobium sp. 
TBBS4 with S. fredii CCBAU45436, all the eight observed 
soybean growth traits (shoot length, shoot and root fresh 
weight, shoot and root dry weight, nodule numbers, nod-
ule fresh weight, and nodule dry weight) were further 
increased compared with the single inoculation of S. fre-
dii CCBAU45436 (Fig. 7C), indicating that Sphingobium 
sp. TBBS4 could promote the nodulation and growth 
of soybean, which was consistent with the positive cor-
relation between Sphingobium and Sinorhizobium men-
tioned above (Fig. 4B).

By RT-qPCR, it was evidenced that Sphingobium inoc-
ulation could increase the expression of della gene on 3rd 
dpi in soybean roots which is a gene involved in legume-
rhizobia symbiosis (Fig.  7D), compared with the single 
inoculation of S. fredii CCBAU45436. While the expres-
sion level of the ACO gene involved in ethylene synthesis 
of soybean was significantly inhibited in a short period 
(on the 1st day, 5th day, and 7th day) by the single inocula-
tion of TBBS4 in comparison with the control (Fig. 8A), 
and significantly reduced in its co-inoculation with S. 
fredii CCBAU45436 on the 2nd day, compared with the 
single inoculation with S. fredii CCBAU45436 (Fig.  8B). 
Consistent with the results of ACO gene expression level, 
Sphingobium sp. TBBS4 could reduce ethylene release, 
no matter in its single-inoculation or in co-inoculation 
with S. fredii CCBAU45436 on the 7th day (Fig. 8C). Fur-
thermore, the expression mode of the AOS gene, a key 
enzyme for jasmonic acid synthesis, was similar to that of 

the ACO gene, which was also significantly inhibited by 
Sphingobium sp. TBBS4 (Additional file: Fig. S5), indicat-
ing that endophytes were involved in plant metabolism 
regulation and could directly change the plant hormone 
levels.

Discussion
As an environmentally friendly biostimulator, WSHM 
could improve crop yield and quality [14, 55]. Previously, 
it has been reported that WSHM could increase plant 
growth and production by promoting plant resistance to 
abiotic and biotic stresses, improving plant physiological 
processes, and increasing plant nutrient acquisition [56], 
as well as [57] by regulating endophytes community and 
expression of some genes of plant (in Stevia rebaudiana) 
[15]. In addition, WSHM also could improve the growth/
nodulation of soybean by regulating the symbiotic bacte-
ria [13] or regulating plant hormone signal transduction 
and the MAPK signaling pathway in nodules [20]. In the 
present study, the PGP effects of WSHM were evidenced 
by increased nodulation and growth of soybean (Fig. 1), 
similar with the previous studies [13, 20], and its PGP 
mechanisms were demonstrated by investigating the 
responds of endophytic bacteriome and transcriptome 
of soybean to the WSHM treatment and the interactions 
between them. More importantly, this study identified 
the important role of endophytic Sphingobium in regulat-
ing soybean nodulation and growth for the first time.

Due to the special location of the endophyte, the effect 
of host selection on the assembly of endophyte commu-
nity is more significant than the effect of environmental 
factors (such as different planting sites and different soil 
fertilization rates) [60–62], which may reduce the diver-
sity and redundant functions of microbes by filtration 

Fig. 8 Effect of Sphingobium sp. TBBS4 inoculation on ethylene synthesis in soybean. Transcript levels of ACO gene with single Sphingobium sp. TBBS4 
inoculation (A) and with co-inoculation of Sphingobium sp. TBBS4 and S. fredii CCBAU45436 (B) after 1, 2, 3, 5, and 7 days of inoculation were determined 
with RT-qPCR. Data are means ± SD (n = 3). Different letters above the error bar indicate a significant difference between means (One-way ANOVA with 
Duncan’s test, p < 0.05). Expression levels were normalized against the reference gene GmActin. (C) Quantification of the ethylene production in soybean 
after 7 days of single Sphingobium sp. TBBS4 inoculation or its co-inoculation with S. fredii CCBAU45436. Data are means ± SD (n = 6). Con: control group, 
inoculated with sterilized PBS; TBBS4: Sphingobium sp. TBBS4 inoculation singly; Rhi: S. fredii CCBAU45436 inoculation singly; Rhi + TBBS4: co-inoculation 
of Sphingobium sp. TBBS4 and S. fredii CCBAU45436.
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of the plants [63, 64]. In the present study, it was clear 
that all the three tested variables (plant developmental 
stage, plant compartment, and WSHM treatment) sig-
nificantly affected the endophytic bacteriome of soybean 
(Fig. 2). However, WSHM treatment did not change the 
abundance diversity of endophytic bacteria as shown by 
the Shannon, Simpson, and Ace indices, but significantly 
decreased the species richness as shown by Sobs and 
Chao1 indices in the vegetable growth stage of soybean 
(Fig.  2D, Additional file: Table S2). These results were 
consistent in general with the previous study [61] that 
plant compartment and developmental stages strongly 
affect the endophytic bacterial community assembly. 
However, the effects of WSHM on plant endophytic 
bacteria detected in the present study evidenced that 
WSHM treatment increased the soybean barrier function 
for selecting its endophytic bacteria, and the selectively 
enriched or depleted bacterial genera varied depending 
on the growth stages, because the 8 genera significantly 
enriched by WSHM at vegetative growth stage were 
completely different from the 15 genera significantly 
enriched by WSHM at flowering stage, although 3 of the 
down-regulated genera (Planococcus, norank_f_norank_
Frankiales, Quadrisphaera) were common between the 
growth stages (Fig. 3C, D) .

In genera significantly changed after WSHM treat-
ment, the abundance of beneficial genera Pseudomo-
nas [65], Sphingobium [65], Delftia [67], Comamonas 
[68], norank_o_Rhodospirillales [69], Flavobacterium 
[70] increased, and the abundance of the potential plant 
pathogen Planococcus [71] was decreased (Fig.  3C and 
D). These changes gave the detail for the enhanced selec-
tive regulation of endophytes in soybean after WSHM 
treatment and for the abundance increase of Proteobac-
teria in WSHM treatments (Fig.  3A) since all of these 
increased beneficial genera belonged to Proteobacte-
ria. Previously, members of Proteobacteria have been 
described as microbes responding quickly to changes 
of the external environment of the host [72]. It could be 
estimated that a decreased abundance of Planococcus 
could reduce the risk of disease for soybean; meanwhile, 
the up-regulated genera might act as PGP bacteria. The 
isolation results (Fig.  6) confirmed that some dominant 
or WSHM up-regulated genera observed in amplicon 
analysis were also the main groups in the culture-depen-
dent analysis, such as Bacillus, Pseudomonas, Rhizobium, 
Sinorhizobium and Sphingobium. Their characterization 
supported the estimation that the up-regulated bacteria 
in WSHM treatments were PGP bacteria, because most 
isolates presented at least one of the traditional PGP 
traits (Fig. 6).

Plant-associated commensal microbes need to avoid 
plant immune responses [58], so inhibiting of the soy-
bean immune system might favor the colonization of 

symbiotic bacteria. In this present study, WSHM treat-
ment down-regulated expression for most genes related 
to hormone synthesis and transduction, MAPK signal-
ing pathway, and plant-pathogen interaction in soybean 
(Fig.  5, Additional file: Table S4, 5), which have been 
reported to play essential roles in responding to abiotic/
biotic environments [59]. These might be the key to 
WSHM enrichment of the symbiotic and beneficial endo-
phytes to colonize the root endosphere of soybean. This 
estimation was supported by correlation analysis among 
the significantly changed bacteria and DEGs detected in 
WSHM treatment and by the analysis of isolated endo-
phytic bacteria. The correlation analysis revealed that 
hub microbes significantly enriched in WSHM treat-
ment, such as Sphingobium, Delftia, Comamonas, and 
norank_o__Rhodospirillales, were associated with mul-
tiple host genes. Although Sphingobium was not the most 
abundant endophytic genus, it was the microbe closely 
related to the most DEGs (43 host genes) that were 
involved in different host metabolisms (Fig. 5C).

The significant improvement of soybean growth and 
nodulation by inoculation of Sphingobium sp. TBBS4 
(Fig. 7A, B, C) clearly evidenced it as a PGP bacterium, 
which further supported the estimation that WSHM 
selectively increased the association of PGP bacteria 
with soybean. Since only IAA production as a PGP trait 
(Fig. 6, Additional file: Fig. S4) was detected in this strain, 
and it was not an abundant group in isolation, it could 
be hypothesized that Sphingobium sp. TBBS4 might have 
other mechanisms for its PGP effects, like regulating host 
plant metabolism and interactions with other microbes. 
Indeed, the RT-qPCR evidenced that inoculation of 
Sphingobium sp. TBBS4 significantly increased della 
gene expression level, which evidenced its mechanism for 
improving nodulation of soybean with rhizobia [52]. Fur-
thermore, decreased expression of ACO (ethylene), and 
AOS (jasmonic acid) (Additional file: Fig. S5) also helped 
the nodulation procedure, because these compounds 
and salicylic acid are negative regulatory hormones of 
nodulation in legumes [53]. Therefore, WSHM treat-
ment could enhance the colonization of Sphingobium in 
the soybean endosphere, while Sphingobium promotes 
soybean nodulation and growth by promoting della gene 
expression and inhibiting the host ethylene pathway. This 
might also be one of the reasons why WSHM promotes 
soybean nodulation even though it does not increase the 
abundance of Sinorhizobium (Fig. 3B). In previous stud-
ies, PGP bacteria were mainly focused on strains with 
high abundance and growth-promoting properties [3], 
but ignored their relationship with plant metabolism and 
with other microbes. The present study’s findings sug-
gested that gene expression regulation in plants is also a 
potential PGP trait, and Sphingobium may function as a 
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regulator in the gene expression of plants, as described 
for Streptomyces sp. TOR3209 [73, 74].

Conclusions
Our multi-omics and cultured methods allowed us to 
analyze the mechanism of WSHM action. We found 
that WSHM treatment could alter the endophytic bacte-
rial community assembly by reducing the alpha diversity 
(Sobs and Chao1 indexes) of soybean endophytic bac-
teria, acting as a “species filter” to promote the enrich-
ment of some beneficial endophytic bacteria, such as 
Sphingobium, norank_o_Rhodospirillales, Comamonas, 
Delftia, Flavobacterium, and Pseudomonas and inhibit 
the potential pathogen Planococcus, increasing the inter-
action of endophytic bacteria. Interestingly, Sphingobium 
increased significantly, showed a significant positive cor-
relation with Sinorhizobium, closely related to the expres-
sion of many host genes after WSHM treatment. An 
endophytic bacterial strain,Sphingobium sp. TBBS4 was 
isolated from soybean stem and was proven to promote 
soybean nodulation and growth by increasing nodula-
tion-related gene (della) expression, decreasing the eth-
ylene synthesis gene (ACO) and jasmonic acid synthesis 
gene (AOS) expression, and reducing ethylene release. 
This study refines the mechanisms of WSHM to promote 
soybean nodulation and growth and provides a research 
basis and practical guidance for the future use of green 
fertilizers such as WSHM.
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dance. (A) The Sobs index of endophytic bacteria in the developmental 
stages of vegetative growth and flowering stages, and in compartments 

of root, stem, and leaf of soybean under different treatments. (B) The abun-
dance of endophytic bacterial 16S rRNA genes in the two developmental 
stages and three plant compartments of soybean under different treat-
ments. Different letters above the error bar indicate a significant difference 
between means (One-way ANOVA with Duncan’s test, p < 0.05). Data are 
means ± SD (n = 3). V: vegetative growth stage; F: flowering stage; Con: root 
watering with deionized water; WSHM: root watering with WSHM. Fig. S3. 
Expression levels of some key DEGs by RNA-Seq and RT-qPCR validation. 
Linear regression analysis was used.Fig. S4. Determination of indole-
3-acetic acid (IAA) production capacity of Sphingobium sp. TBBS4. Data are 
means ± SD (n = 3). Fig. S5. Effect of Sphingobium sp. TBBS4 inoculation on 
the expression of jasmonic acid synthesis gene AOS. (A) Detection of AOS 
gene expression level at 1, 2, 3, 5, and 7 days after Sphingobium sp. TBBS4 
inoculation singly and (B) at 1, 2, and 3 days after Sphingobium sp. TBBS4 
co-inoculation with S. fredii CCBAU45436. Different letters above the error 
bar indicate a significant difference between means (One-way ANOVA 
with Duncan’s test, p < 0.05). Data are means ± SD (n = 3). Expression levels 
were normalized against the reference gene GmActin. Con: control group, 
inoculated with sterilized PBS; TBBS4: Sphingobium sp. TBBS4 inocula-
tion singly; Rhi: S. fredii CCBAU45436 inoculation singly; Rhi + TBBS4: 
Sphingobium sp. TBBS4 co-inoculation with S. fredii CCBAU45436. Table 
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WSHM treatments. Table S4. Significantly differentially expressed host 
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