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Abstract
Key message  Inoculation of wheat seedling with Bacillus sp. wp-6 changed amino acid metabolism and flavonoid 
synthesis and promoted plant growth.
Abstract  Plant growth-promoting rhizobacteria (PGPR), which can reduce the use of agrochemicals, is vital for the devel-
opment of sustainable agriculture. In this study, proteomics and metabolomics analyses were performed to investigate the 
effects of inoculation with a PGPR, Bacillus sp. wp-6, on wheat (Triticum aestivum L.) seedling growth. The results showed 
that inoculation with Bacillus sp. wp-6 increased shoot and root fresh weights by 19% and 18%, respectively, after 40 days. 
The expression levels of alpha-linolenic acid metabolism-related proteins and metabolites (lipoxygenase 2, allene oxide 
synthase 2, jasmonic acid, 17-hydroxylinolenic acid) and flavonoid biosynthesis-related proteins and metabolites (chalcone 
synthase 2 and PHC 4′-O-glucoside) were up-regulated. In addition, the expression levels of amino acid metabolism-related 
proteins (NADH-dependent glutamate synthase, bifunctional aspartokinase/homoserine, anthranilate synthase alpha subunit 
1, and 3-phosphoshikimate 1-carboxyvinyltransferase) and metabolites (l-aspartate, l-arginine, and S-glutathionyl-l-cysteine) 
were also significantly up-regulated. Among them, NADH-dependent glutamate synthase and bifunctional aspartokinase/
homoserine could act as regulators of nitrogen metabolism. Overall, inoculation of wheat with Bacillus sp. wp-6 altered 
alpha-linolenic acid metabolism, amino acid metabolism, and flavonoid synthesis and promoted wheat seedling growth. This 
study will deepen our understanding of the mechanism by which Bacillus sp. wp-6 promotes wheat growth using proteomics 
and metabolomics.

Keywords  Omics technologies · Plant growth-promoting rhizobacteria · Inoculation · Promoting wheat seedling growth

Introduction

The use of pesticides and chemical fertilizers in agricultural 
production has caused a series of environmental problems such 
as heavy metal pollution, so plant growth-promoting rhizobac-
teria (PGPR) has received more and more attention in recent 
years (Recep et al. 2009; Wang et al. 2020; Balasubramanian 

et al. 2021; Essalimi et al. 2022). Many studies have demon-
strated that PGPR could positively impact plant hosts such as 
wheat (Ahmed et al. 2022), rice (Wiggins et al. 2022), Arabi-
dopsis thaliana (Chu et al. 2020), potato (Recep et al. 2009), 
and tobacco (Zhang and Kong 2014). For example, inoculation 
with Pseudomonas PS01 could increase the root and shoot 
fresh weights of Arabidopsis thaliana seedlings (Chu et al. 
2020). In addition, inoculation with Bacillus sp. ZH16 also 
could improve the morphology and ionic balance of wheat 
root, and increase plant nutrient content (Ahmed et al. 2022). 
This is because PGPR cannot only provide nutrients for plant 
growth, but also act as a biocontrol agent against pathogenic 
microorganisms (Trinh et al. 2018; Essalimi et al. 2022). For 
example, some studies found that PGPR could transform 
insoluble phosphorus and iron into soluble forms (Mushtaq 
et al. 2022), release phytohormones such as indoleacetic acid 
(Miljaković et al. 2022), and fix nitrogen in the soil (Tirry 
et al. 2021). Besides, PGPR could suppress the growth of 
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pathogenic microbes such as Aspergillus niger (Yuttavan-
ichakul et al. 2012), Armillaria sp. (Ajilogba et al. 2016), and 
Fusarium. sp. (Cao et al. 2018). Therefore, PGPR has been 
widely used in agricultural production in recent years (Bal-
asubramanian et al. 2021).

Plant–microbial interactions that promote plant growth 
have been the subject of numerous studies in recent years (Li 
et al. 2022). The studies of the physiological, genetic, and pro-
tein responses of plants inoculated with PGPR improve our 
understanding of the mechanisms of by which PGPR promotes 
plant growth (Ahmadi et al. 2013; Singh et al. 2017; Safdar-
ian et al. 2019). For example, Elías et al. (2018) found that 
Azospirillum brasilense REC3 promoted strawberry growth 
by up-regulating genes related to ET signaling and indole-
3-acetic acid (IAA) biosynthesis. Singh et al. (2017) also found 
that PGPR inoculation could promote the synthesis of defense 
enzymes and lignin in wheat, which improved wheat tolerance 
to abiotic stress. In addition, Kwon et al. (2016) reported that 
inoculation with Pseudomonas polymyxa E681 could promote 
Arabidopsis thaliana growth by up-regulating the expression 
of metabolism- and defense-related proteins. To date, mod-
ern “omics” technology combined with bioinformatics opens 
a new way for exploring the mechanisms of plant–microbial 
interactions (Rane et al. 2022). Especially, advances in prot-
eomics and metabolomics technologies have proven to be an 
effective tool in providing insights into specific mechanisms 
of plant–microbe interactions (Rane et al. 2022). For example, 
proteomic and metabonomic analysis has shown that strain TJ6 
inoculation could reduce Cd and Pb uptake in wheat through 
its own adsorption of Cd and Pb and regulation of DNA repair 
ability, plant hormone levels, and antioxidant activities of 
wheat root (Han et al. 2021).

In our previous studies, we found that the growth of wheat 
seedlings could be promoted by inoculation with Bacillus sp. 
wp-6 (Table S1). In this study, proteomic and metabolomic 
were combined to further investigate the growth-promoting 
effects of inoculation with Bacillus sp. wp-6 on wheat seedling 
growth. We hypothesize that (i) some proteins and metabo-
lites that regulate wheat seedling growth and disease resistance 
after inoculation with Bacillus sp. wp-6, and (ii) there are regu-
latory relationships between these proteins and metabolites in 
different metabolic pathways to promote the growth of wheat 
seedlings. This study will deepen our understanding of the 
mechanism by which wp-6 promotes wheat growth, and con-
tribute to the development of sustainable agriculture.

Materials and methods

Materials and experimental design

Bacillus sp. wp-6 was isolated from cotton grown in saline 
soil with an GenBank accession number MK 610676.1, 
and its characters are shown in Table S2.

Bacillus sp. wp-6 was incubated in 200 mL Luria–Ber-
tani (LB) medium for 72 h, followed by centrifugation at 
15,000 rpm at 4 °C for 1 min. After that, the supernatant 
was removed, then bacteria were re-suspended in ster-
ile distilled water. Finally, the bacterial suspension was 
adjusted to a concentration of 108 CFU mL−1 using sterile 
distilled water.

Wheat seeds (variety Xinchun 5) were surface sterilized 
using 3% sodium hypochlorite for 5 min and rinsed five 
times with sterilized distilled water. The sterilized seeds 
were transferred to germinating box with three layers of 
filter paper at the bottom and germinated at 28 °C in the 
dark for 48 h. Three germinated seeds were planted in 
each presterilized plastic pot with 300 g non-autoclave 
potting soil (N: 50 mg L−1, P: 30 mg L−1, K: 60 mg L−1, 
pH: 5.6, and electrical conductivity: 0.38 mS/cm). The 
treatments included (1) control, wheat seedlings were irri-
gated with 200 mL sterile distilled water every 3 days; 
(2) PGPR treatment, wheat seedlings were irrigated with 
200 mL bacterial suspension (108 CFU mL−1) every 3 
days. Each treatment had five replicates (five pots). The 
pots were cultured in an incubator with a humidity of 30% 
and a 16-h light/8-h dark cycle at 28 °C. After 40 days, 
the plants were harvested and rhizosphere soil were care-
fully removed. Shoot fresh weight and root fresh weight 
were recorded. Then, shoot leaves were randomly selected 
(three from every pot) from each pot for proteomic and 
metabolomic analyses.

Protein extraction and protein digestion

Total protein extraction was performed using trichlo-
roacetic acid (TCA)–acetone precipitation method as 
detailed by Wang et al. (2003). Fresh leave samples (0.5 g) 
were ground with liquid N2 and transferred in 10 mL cen-
trifugal tube containing 0.9 M sucrose, 0.5 M Tris–HCl, 
ethylenediaminetetraacetic acid, 0.1  M KCl, and 1% 
dithiothreitol (DTT). The suspension was sonicated in 
chilled acetone containing 10% (v/v) TCA and vortexed 
for 10 min. The mixture was centrifuged at 18,000 rpm at 
4 °C for 15 min, and the supernatant was removed. The 
pellet were washed three times with pre-cooling acetone. 
Finally, the protein pellet was dried completely before 
dissolving in 50 mM ammonium bicarbonate with 1% 
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sodium dodecyl sulfate (SDS). Protein concentration was 
determined using the method of Bradford (Bradford 1976). 
Protein solution (100 μg) was used for trypsin (5.0 μg) 
digestion at 37 °C for 12 h.

Data‑independent acquisition (DIA) mass 
spectrometry analysis

The peptides were separated using an Easy-nLC connected 
to a Q Exactive mass spectrometer (Thermo Fisher Scien-
tific, San Jose, CA) with an increasing flow rate. The sam-
ple (1 μg) was injected on a self-made analytical column 
(75 μm inner diameter, 30 cm in length) packed with 3 μm 
Magic C18AQ medium (Bruker) at 50 °C. The flow rate was 
300 nL min−1, and the following linear gradient was used: 
5–35% ACN with 0.1% formic acid for 2 h; 35–98% ACN for 
2 min; 98% CAN for 8 min. For the data-dependent acquisi-
tion (DDA) analysis, the operating parameters of mass spec-
trometry were as follows: ion-source voltage: 1.6 kV; MS 
scan range: 350–1500 m/z; MS resolution: 60,000; automatic 
gain control (AGC): 3E6; maximum injection time: 50 ms; 
higher energy collisional dissociation mass spectrometry 
(HCD-MS/MS) resolution: 30,000; AGC: 1E5; maximum 
injection time: 100 ms; dynamic rejection time: 30 s; inten-
sity threshold: 10,000; normalized collision energy (NCE): 
28. For the DIA analysis, the operating parameters of mass 
spectrometry were as follows: ion-source voltage: 1.6 kV; 
MS scan range: 350–1500 m/z; MS resolution: 60,000; 
AGC: 3E6; maximum injection time: 50 ms; HCD–MS/MS 
resolution: 30,000; AGC: 1E5; maximum injection time: 
100 ms; dynamic rejection time: 30 s; intensity threshold: 
10,000; normalized collision energy (NCE): 22.5/25/27.5. 
DIA was performed with a variable isolation window. Each 
window overlapped 1 m/z. The 350–1500 Da was equally 
divided into 40 windows.

The DDA MS data were processed and analyzed using 
Max Quant (www.​maxqu​ant.​org, version 1.5.1.2) (Cox 
et al. 2011). MS data were searched against the UniProtKB 
database (https://​www.​unipr​ot.​org/​unipr​ot/) spiked in pro-
tein consisted with 11 iRT peptide sequences. Trypsin was 
selected as digesting enzyme. The maximal two missed 
cleavage sites and the mass tolerance of 4.5 ppm for pre-
cursor ions and 20 ppm for fragment ions were defined for 
database search. Carbamidomethylation of cysteines was 
defined as fixed modification, while acetylation of protein 
n-terminal, oxidation of methionine was set as variable 
modifications for database searching. The identified pep-
tides with a false discovery rate (FDR) ≤ 1% were used to 
construct a spectral library by the software Spectronaut 
(version 14.0, Biognosys). The DIA MS data were pro-
cessed and analyzed with Spectronaut based on the con-
structed spectral library. The Spectronaut search were set 
as the default settings and the dynamic iRT was used for 

retention time prediction. The interference correction for 
MS/MS scan was enabled. The results were exported with 
FDR ≤ 1% at peptide level. Then, the mProphet algorithm 
was used to complete analytical quality control. The sig-
nificant quantitative data were obtained through the R Bio-
conductor library (http://​bioco​nduct​or.​org/​packa​ges). The 
differentially expressed proteins (DEPs) were screened 
based on the threshold of fold-change > 2.0 or < 0.5 and 
adj_p value < 0.05.

Metabolite extraction and derivatization

Metabolites were extracted using the method detailed by 
Weckwerth et al. (2004). Leaf sample (0.5 g) were ground 
in liquid nitrogen, and the powder was transferred to a tube 
containing 0.75 mL of extraction buffer (methanol:chlorof
orm:water = 5:2:2, v/v/v). Then, 5 µL 2-chloro-l-phenylala-
nine (initial concentration: 1 mg mL−1 in methanol, v/v) was 
added to each tube as the internal standard (final concentra-
tion: 0.02 mg mL−1), and the mixture was vortexed for 60 s 
at 4 °C for 5 min. Ultrasonic crushing was performed at 
room temperature for 30 min, followed by placed at 4 °C for 
10 min, and then centrifuged at 6000 rpm at 4 °C or 2 min. 
The supernatants (200 μL) was collected from each tube.

Liquid chromatograph–mass spectrometry (LC/MS) 
analysis

Liquid chromatograph–mass spectrometry (LC/MS) analysis 
was performed using an ultra-performance liquid chroma-
tography (UPLC) system (Waters, UK). A reverse-phase 
T3 column (100 mm × 2.1 mm, 1.8 μm, Waters, UK) was 
used for separation of analytes. The mobile phase contained 
solvent A (water + 0.1% formic acid) and solvent B (metha-
nol + 0.1% formic acid). The flow rate was 0.4 ml min−1. 
Gradient elution conditions were set as follows: 0–2 min, 
100% phase A; 2–11 min, 0% to 100% phase B; 11–13 min, 
100% phase B; 13–15 min, 0–100% phase A. The sample 
(5 µL) was injected into the volume. A high-resolution 
tandem mass spectrometer (Xevo G2 XS QTOF, Waters, 
UK) scanning was operated in both positive and negative 
ion modes. For positive ion mode, the capillary voltage and 
sampling cone voltages were maintained at 3.0 kV and 40 V, 
respectively. For negative ion mode, the capillary voltage 
and sampling cone voltages were maintained at 2.0 kV and 
40 V, respectively. The mass range was recorded from 50 
to 1200 Da. The mass spectrometry data were acquired in 
Centroid MSE mode. During the acquisition, the LE signal 
was taken every 3 s to calibrate the mass accuracy. Further-
more, a quality control sample (pool of all samples) was use 
to evaluate the stability of the LC–MS.

http://www.maxquant.org
https://www.uniprot.org/uniprot/
http://bioconductor.org/packages
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Data preprocessing

Raw mass spectra were collected in continuum mode and 
processed using UNIFI (version 1.8, Waters, UK). Retention 
time was 0.5–18 min and the peak width was 1–30 s. The 
raw MS data were converted to MzXML files using Pro-
teoWizard MSConvert software (http://​prote​owiza​rd.​sourc​
eforge.​net, version 3.0) and processed using Progenesis QI 
software (version 2.2, Waters, UK) for feature detection, 
retention time correction and alignment. QC-8 samples were 
used to standardize the data. Metabolite identification was 
performed based on accurate mass and product ion spec-
trum matching against KEGG database. Mass error was set 
to 5 ppm for first-search metabolite. A one-way ANOVA 
(Student’s t test, Bonferroni-corrections) was use to identify 
significant differences between Bacillus sp. wp-6-inoculated 
wheat and control, and to calculate p values. The differential 
expressed metabolites (DEMs) were screened based on the 
threshold of fold-change > 1.5 or < 0.67 and p value < 0.05.

Bioinformatics analysis

To determine the functional characteristics of the identified 
proteins, Gene Ontology (GO) functional annotations and 
enrichment analysis were carried out using Blast2GO (http://​
blast​2go.​com/​b2gla​unch/​resou​rces). In addition, the classifi-
cation and biological pathway of the DEPs and DEMs were 
performed using the online Kyoto Encyclopedia of Genes 
and Genomes (KEGG, http://​www.​kegg.​jp/). The DEPs were 
assigned to eukaryotic orthologous groups (KOGs) database 
(ftp://​ftp.​ncbi.​nih.​gov/​pub/​COG/​KOG/).

Statistical analysis

Statistical differences were determined by one-way ANOVA 
analysis using SPSS statistical software (version 22.0, IBM, 
Armonk, NY, USA). The mean differences were compared 
using Duncan’s test (p < 0.05). The figures were made using 
Origin software (version 9.1, OriginLab, Hampton, MA, 
USA) and R software package (https://​www.r-​proje​ct.​org/, 
version 4.0.0). Pearson correlations were carried out using R 
software package. The coefficients |r|> 0.9 and p < 0.05 were 
considered as significant correlations and used to construct 
networks using Cytoscape5 software (http://​www.​cytos​cape.​
org/, version 3.2.1).

Results

Effect of Bacillus sp. wp‑6 inoculation on wheat 
seedling growth

The inoculation with Bacillus sp. wp-6 obviously promoted 
wheat seedling growth (Fig. 1A). In addition, inoculation of 
Bacillus sp. wp-6 showed increases in shoot and root fresh 
weights by 19.72% and 18.18%, respectively (p < 0.05) 
(Fig. 1B, C).

Proteomic analysis of wheat seedlings in response 
to Bacillus sp. wp‑6

To investigate the changes of protein profiles in mechanisms 
of wheat seedling in response to Bacillus sp. wp-6, protein 
profile analysis of wheat seedling leaves was performed. The 
identified peptides and proteins are shown in Table S3. A total 
of 78 proteins were differentially regulated (p < 0.05). Among 
these proteins, 59 proteins were up-regulated and 19 proteins 
were down-regulated (Table S4).

A total of 78 DEPs were categorized into cellular com-
ponent (CC), biological processes (BP), and molecular func-
tion (MF) in the GO analysis (Fig. 2A). For the BP category, 
the most abundant groups included “metabolic process” and 
“cellular process”. In the CC category, “cell” and “cell part” 
were the most represented groups. In the MF category, “cata-
lytic activity” and “binding” were the most abundant groups. 
Among the 16 KOG categories, “General function prediction 
only” was the largest, followed by “Posttranslational modifi-
cation, protein turnover, chaperones” and “Translation, ribo-
somal structure and biogenesis” (Fig. 2B). Among the 14 
KEGG classification, global and overview maps was the most 
abundant groups, followed by carbohydrate metabolism and 
translation (Fig. 3A). Furthermore, all the DEPs were mapped 
to KEGG pathways by using Brachypodium distachyon as the 
model species. A total of 78 DEPs were enriched in 28 path-
ways (Table S5). The significant enrichment pathways were as 
followings (p < 0.05): biosynthesis of secondary metabolites, 
biosynthesis of amino acids, alpha-linolenic acid metabolism, 
porphyrin and chlorophyll metabolism, phenylalanine, tyros-
ine and tryptophan biosynthesis, metabolic pathways, pentose 
and glucuronate interconversions, monobactam biosynthesis, 
and linoleic acid metabolism (Fig. 3B). These results show 
that proteins involved in the synthesis of metabolites regulate 
various metabolic pathways in response to Bacillus sp. wp-6.

Metabonomic analysis of wheat seedlings 
in response to Bacillus sp. wp‑6

A total of 78 DEPs involved in various cellular metabo-
lism pathway through proteomics analysis. To investigate 

http://proteowizard.sourceforge.net
http://proteowizard.sourceforge.net
http://blast2go.com/b2glaunch/resources
http://blast2go.com/b2glaunch/resources
http://www.kegg.jp/
ftp://ftp.ncbi.nih.gov/pub/COG/KOG/
https://www.r-project.org/
http://www.cytoscape.org/
http://www.cytoscape.org/
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changes in the related metabolic processes, we conducted 
a hierarchical cluster analysis based on the DEMs in each 
group of samples (Fig. 4A). There was a clear separa-
tion of metabolites between Bacillus sp. wp-6-inoculated 
and non-inoculated wheat seedling. In addition, a total 
of 68 metabolites were up-regulated and 37 were down-
regulated (Table S6).

Furthermore, all the DEMs were mapped to KEGG 
pathways using Brachypodium distachyon as the model 
species. A total of 105 DEMs were enriched in 38 path-
ways (Table S7). The significant enrichment pathways 
were as followings (p < 0.05): flavone and flavonol bio-
synthesis, benzoxazinoid biosynthesis, ABC transporters, 
arginine biosynthesis, phenylalanine metabolism, vitamin 
B6 metabolism, monobactam biosynthesis, alpha-lino-
lenic acid metabolism, cyanoamino acid metabolism, 
aminoacyl-tRNA biosynthesis, cysteine and methionine 
metabolism (Fig. 4B). The changes in these metabolites 
and metabolic pathways provide important information on 
how wheat seedling responds to Bacillus sp. wp-6.

Integrative proteomic and metabonomic analyses 
of wheat seedlings inoculated with Bacillus sp. wp‑6

To integrate the results of proteomics and metabolomics 
analyses, a KEGG mapping was performed based on the 
DEPs and the DEMs. A total of 11 metabolic pathways 
showed changes in Bacillus sp. wp-6-inoculated wheat seed-
ling plants, including biosynthesis of secondary metabolites, 
biosynthesis of amino acids, alpha-linolenic acid metabo-
lism, metabolic pathways, monobactam biosynthesis, lysine 
biosynthesis, flavonoid biosynthesis, alanine, aspartate and 
glutamate metabolism, glycine, serine and threonine metab-
olism, cysteine and methionine metabolism, and carbon 
metabolism (Table S8).

To better observe the relationship between these impor-
tant pathways, we constructed a comprehensive systemic 
metabolic pathway diagram by combining the KEGG path-
ways of Table 1. As shown in Fig. 5, eight proteins and five 
metabolites were mapped into the diagram. It was found 
that the expressions of LOX2 (2.28-fold), AOS2 (2.02-fold), 

Fig. 1   Effect of Bacillus sp. 
wp-6 inoculation on the growth 
of wheat seedling (n = 5, 3 
plants per pot). Photograph 
of wheat seedlings (A), shoot 
fresh weight (B), and root 
fresh weight (C) of wheat 
seed after 40 days of wp-6 
inoculation. Data represent the 
means ± SEM of five replicates. 
The asterisk indicate significant 
difference (p < 0.05) among 
different treatments. “Control” 
represents non-inoculated wheat 
plants, “Inoculated” represents 
inoculated wheat plants
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(−)-jasmonic acid (2.01-fold), and 17-hydroxylinolenic 
acid (2.23-fold) were up-regulated in the alpha-linolenic 
acid metabolism (Table 2). In addition, the expressions of 

NADH-GOGAT, AKHSDH2, ASA1, At2g45300, l-aspar-
tate, l-arginine, and S-glutathionyl-l-cysteine in biosyn-
thesis of amino acids and alanine, aspartate and glutamate 

Fig. 2   A GO classification of 
the identified proteins in Bacil-
lus sp. wp-6-inoculated versus 
non-inoculated wheat plants. 
The results for the three main 
GO categories are summarized: 
BP, CC, and MF, B KOG 
annotation of the differentially 
expressed proteins in Bacillus 
sp. wp-6-inoculated versus non-
inoculated wheat plants
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metabolism were up-regulated, and 2.71-fold, 2.62-fold, 
2.97-fold, 2.03-fold, 1.53-fold, 1.75-fold, and 1.61-fold 
changes were detected, respectively (Table 3). AKHSDH2, 
l-aspartate, and S-glutathionyl-l-cysteine are involved in 
glycine, serine and threonine metabolism, lysine biosynthe-
sis, and cysteine and methionine metabolism. The expres-
sion of GLO3 was down-regulated and that of l-aspartate 
was up-regulated in the carbon metabolism. The expressions 
of CHS2 (2.62-fold) and PHC 4′-O-glucoside (1.56-fold) in 
flavonoid biosynthesis were up-regulated (Table 4).

To further reveal the regulatory effect of Bacillus sp. 
wp-6 on the metabolism of wheat seedlings, the correla-
tion network diagram was constructed based on the DEPs 
and DEMs in 11 common pathways (Fig. 6). It was found 
that l-aspartate was positively correlated with AOS2, 
LOX2, AKHSDH2, NADH-GOGAT, At2g45300, ASA1, 

and CHS2 (|r|> 0.9, p < 0.05), but negatively correlated 
with GLO3 (|r|> 0.9, p < 0.05). l-Arginine was positively 
correlated with AOS2, LOX2, AKHSDH2, NADH-
GOGAT, At2g45300, ASA1, and CHS2 (|r|> 0.9, p < 0.05). 
Like l-aspartate, but negatively correlated with GLO3 
(|r|> 0.9, p < 0.05). Jasmonic acid and 17-hydroxylinolenic 
acid were positively correlated with AOS2, AKHSDH2, 
At2g45300, ASA1, and CHS2 (|r|> 0.9, p < 0.05). In 
addition, the jasmonic acid was also positively corre-
lated with LOX2 and NADH-GOGAT (|r|> 0.9, p < 0.05). 
PHC 4′-O-glucoside and S-glutathionyl-l-cysteine were 
positively correlated with LOX2, AKHSDH2, NADH-
GOGAT, At2g45300, ASA1, and CHS2 (|r|> 0.9, p < 0.05). 
The above results show that Bacillus sp. wp-6 has a poten-
tial regulatory relationship in promoting the growth of 
wheat seedlings.

Fig. 3   A KEGG classification 
of the differentially expressed 
proteins involved in the 
response to Bacillus sp. wp-6 in 
the leaves of wheat, B KEGG 
pathways of the differentially 
expressed proteins involved 
in the response to Bacillus sp. 
wp-6 in the leaves of wheat
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Discussion

Effects of Bacillus sp. wp‑6 inoculation 
on the growth of wheat seedlings

Plant growth-promoting rhizobacteria (PGPR) can promote 
plant growth through a variety of mechanisms such as solu-
bilizing insoluble mineral constituents and suppressing the 
growth of pathogenic microorganisms (Kwon et al. 2016; 
Shen et al. 2022; Liu et al. 2022). In this study, Bacillus 
sp. wp-6 could secrete IAA and produce siderophores and 

solubilize phosphorus (Table  S1). Indole-3-acetic acid 
(IAA) is a plant hormone which can promote plant growth 
(Wang et al. 2015; Chu et al. 2020). For example, Miljaković 
et al. (2022) found that inoculation with Bacillus megate-
rium, which could secrete IAA, increased root and shoot 
dry weights of soybean seedlings. Siderophore-producing 
microbes could promote plant growth via iron chelation and 
indirectly suppress the growth of plant pathogenic fungi 
(Olanrewaju and Babalola 2022). For example, siderophore-
producing Acinetobacter calcoaceticus improved the iron 
concentration and overall plant growth of potato (Mushtaq 
et al. 2022). In addition, a consequential reduction in path-
ogenicity in banana plants was noted through inoculating 
with siderophore-producing Bacillus siamensis (Shen et al. 
2022). Phosphorus-solubilizing microorganisms could min-
eralise unavailable organic phosphorus to available, which 
promotes the absorption of phosphorus for plant growth (Tu 
et al. 2022). For example, Di et al. (2022) found that Bacillus 
subtilis B9 inoculation could promote sugarcane seedlings 
to uptake more phosphorus. Hence, Bacillus sp. wp-6 could 
secreted IAA, produce siderophore, and improve the ability 
of dissolving phosphorus, which resulted in enhanced plant 
growth.

Alpha‑linolenic acid metabolism

Alpha-linolenic acid can inhibit innate immunity responses 
related to callose deposition in wheat (Ren et al. 2022). 
In addition, the proteins and metabolites involved in the 
metabolism of alpha-linolenic acid, such as lipoxygenase 
(LOX), allene oxide synthase (AOS), 12-oxo-phytodienoic 
acid reductase (OPR), and jasmonic acid (JA), are also 
important for plants’ defense against biotic and abiotic 
stresses (Fernandes and Ghag 2022; Fu et al. 2022; Li 
et al. 2020). In this study, inoculation with Bacillus sp. 
wp-6 induced a significant up-regulation of LOX2 and 
AOS2 in wheat seedling leaves (Fig. 5, Table 2). Similar 
results were also observed in other studies in which AOS 
and LOX were up-regulated in wheat root inoculated with 
Bacillus velezensis (Kang et al. 2019). Dong et al. (2022) 
also reported that AOS and LOX were induced after the 
inoculation of beneficial strain F1-35 in the watermel-
ons. Allene oxide synthase (AOS), a cytochrome P450 
enzyme of the CYP74A family, which is a major control 
point of JA signaling in potato (Gorina et al. 2022). Kaze-
rooni et al. (2022) have found that AOS overexpression 
can promotes JA biosynthesis to prevent damage caused 
by pathogens. Like AOS, LOX can also indirectly pre-
vent plant diseases by regulating JA biosynthesis (Wang 
et al. 2022a). For example, inoculation with Paenibacil-
lus sp. strain B2 and Arthrobacter spp. strain AA induced 
the accumulation of JA in wheat plants through the up-
regulation of AOS and LOX, whereas JA prevented the 

Fig. 4   A Hierarchical cluster heat map of different metabolites in 
Bacillus sp. wp-6-inoculated versus non-inoculated wheat plants; B 
KEGG pathways of the different metabolites involved in the response 
to Bacillus sp. wp-6 in the leaves of wheat. “Control” represents non-
inoculated wheat plants, “Inoculated” represents inoculated wheat 
plants
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pathogenic fungus (Zymoseptoria tritici) (Samain et al. 
2022). Our metabolome analysis results also showed that 
inoculation with Bacillus sp. wp-6 induced a significant 
accumulation of JA in wheat seedling leaves (Table 2). In 
addition, this study also found JA was highly positively 
correlated with the proteins AOS and LOX (Fig. 6). This 
result further confirmed that up-regulation of AOS and 
LOX promoted JA synthesis in wheat seedling leaves. 

Similar studies found that the accumulation of Bacillus 
subtilis-induced JA can activate tomato plants to produce 
induced systemic resistance (ISR) and protect plants from 
pathogens (Veselova et al. 2022). Taken together these 
findings provide evidence that inoculation with Bacillus 
sp. wp-6 can promote JA accumulation by stimulating the 
expression of LOX2 and AOS2 proteins to protect wheat 
seedlings from pathogen infection.

Table 1   Proteins and 
metabolites involved in common 
pathways

Pathway name Proteomics Metabolomics

Pathway ID p value Pathway ID p value

Biosynthesis of secondary metabolites bdi01110 0.00728 bdi01100 0.1605322
Biosynthesis of amino acids bdi01230 0.00815 bdi01230 0.1695389
Alpha-linolenic acid metabolism bdi00592 0.0114 bdi00592 0.02681243
Metabolic pathways bdi01100 0.0212 bdi01100 0.8769291
Monobactam biosynthesis bdi00261 0.0405 bdi00261 0.02139734
Lysine biosynthesis bdi00300 0.0584 bdi00300 0.1840171
Flavonoid biosynthesis bdi00941 0.163 bdi00941 0.349765
Alanine, aspartate and glutamate metabolism bdi00250 0.178 bdi00250 0.178
Glycine, serine and threonine metabolism bdi00260 0.215 bdi00260 0.2522118
Cysteine and methionine metabolism bdi00270 0.326 bdi00270 0.0486977
Carbon metabolism bdi01200 0.603 bdi01200 0.4790615

Fig. 5   Proteins (boxes) and metabolites (arrows) were mapped to a 
comprehensive systemic metabolic pathways diagram by combining 
the KEGG pathways of the DEMs and DEPs. Red indicates up-regu-

lation; green indicates downregulation. The solid lines indicate direct 
interactions, while the dashed lines indicate effects mediated by addi-
tional molecules
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Amino acid metabolism

Amino acids are involved in plant’s protein synthesis, signal 
transduction, and growth (Qian et al. 2022). In addition, the 
metabolites produced during the metabolism of amino acids 
are also essential for plant growth and defense against vari-
ous stresses (Reddy et al. 2022). Wang et al. (2022b) showed 
that an increase in amino acids metabolism of cucumber 
by Bacillus velezensis SX13 inoculation. Almuhayawi et al. 
(2021) also found Streptomyces (strain JSA11) inoculation 
could promote the accumulation of amino acids in Cheno-
podium. Our study obtained similar results. We found that 

the expression levels of amino acids metabolism-related 
the proteins and metabolites including NADH-GOGAT, 
AKHSDH2, ASA1, At2g45300, l-aspartate, and l-arginine 
were up-regulated (Fig. 5, Table 3). Previous studies have 
shown that NADH-GOGAT and AKHSDH2 play impor-
tant roles in nitrogen metabolism (Huang et  al. 2022b; 
Liang et al. 2022). For example, the increased expression of 
NADH-GOGAT in rice roots enhanced primary assimila-
tion of NH4+, which further promoted nitrogen metabolism 
(Yamaya and Kusano 2014). Bifunctional aspartokinase/
homoserine dehydrogenase 2 (AKHSDH2) could promote 
the conversion of aspartic acid to aspartate family amino 

Table 2   Alpha-linolenic acid metabolism-related proteins and metabolites in common pathway

Accession Gene name Protein name Fold change adj_p value

Proteins
 A0A3B6HS52 AOS2 Allene oxide synthase 2 2.28 0.000
 A0A3B6MID4 LOX2 Lipoxygenase 2 2.02 0.002

Metabolite Adducts Mass Error Fold change p value

Metabolites
 (−)-7-Jasmonic acid M+FA−H − 4.2048 2.01 0.029
 17-Hydroxylinolenic acid M−H2O−H − 2.9480 2.23 0.024

Table 3   Amino acid metabolism-related proteins and metabolites in common pathway

Accession Gene name Protein name Fold change adj_p value

Proteins
 A0A3B6FNM9 NADH-GOGAT​ NADH-dependent glutamate synthase 2.71 0.008
 A0A3B6KHC1 AKHSDH2 Bifunctional aspartokinase/homoserine dehydrogenase 2 2.62 0.002
 A0A3B6LVK5 ASA1 Anthranilate synthase alpha subunit 1 2.97 0.009
 A0A3B6TCN7 At2g45300 3-Phosphoshikimate 1-Carboxyvinyltransferase 2.03 0.007

Metabolite Adducts Mass error Fold change p value

Metabolites
 l-Aspartate M+H−H2O, M+H, 

M+Na
2.586 1.53 0.004

 l-Arginine M+H − 4.850 1.75 0.002
 S-Glutathionyl-

l-cysteine
M+H 1.327 1.61 0.017

Table 4   Flavonoid biosynthesis-related proteins and metabolites in common pathway

Accession Gene name Protein name Fold change adj_p value
Proteins

 A0A1U9Y670 CHS2 Chalcone synthase 2 2.62 0.001

Metabolite Adducts Mass error Fold change p value

Metabolites
 PHC 4'-O-glucoside M+Na 3.261976 1.56 0.030
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acids, which is a part of the coordinated regulatory mecha-
nism of nitrogen and carbon storage, and utilization (Liang 
et al. 2022). In this study, we found l-aspartate and l-argi-
nine were positively correlated with AKHSDH2 and NADH-
GOGAT (Fig. 6). In addition, our results also found that 
inoculation with Bacillus sp. wp-6 promoted the accumula-
tion of l-aspartate and l-arginine in wheat seedlings (Fig. 5, 
Table 3). l-Aspartate and l-arginine are used for nitrogen 
storage and transport in many plants (Conesa et al. 2022). 
For example, in tomato, genes involved in plant resistance 
to infectious pathogens are up-regulated with changes in 
nitrogen levels (Vega et al. 2015). Meanwhile, increasing 
nitrogen levels also can provide additional nutrients to sup-
port the growth of plant (Reddy et al. 2022). Hence, nitrogen 
metabolism not only affects plant growth but also plays an 
important role in plant defense (Reddy et al. 2022). ASA1 
and At2g45300 play important roles in the biosynthesis of 
phenylalanine, tyrosine and tryptophan (Lou et al. 2022). 
Many studies have shown that the metabolism of pheny-
lalanine, tyrosine and tryptophan produces a large number 
of secondary metabolites, such as lignins, phytoalexins, 
and alkaloids (Huang et al. 2022a; Abdelaziz et al. 2022). 
Besides, studies have also found that ASA1 and At2g45300 

can mediate the synthesis of secondary metabolites to pre-
vent pathogen infection in barley and maize (Hu et al. 2009; 
Abdelaziz et al. 2022). This study found that the expression 
of ASA1 and At2g45300 were up-regulated after Bacillus 
sp. wp-6 inoculation (Fig. 5, Table 3). These results indicate 
that Bacillus sp. wp-6 inoculation could provide additional 
nutrients for wheat and defense against pathogens through 
improving nitrogen metabolism, thus promoting wheat 
growth.

Flavonoid biosynthesis

Flavonoids are a group of polyphenol secondary metabolites, 
which play variable and species-dependent roles in plant 
defenses (Liu et al. 2022). For example, flavonoids can pro-
tect bilberry from a pathogen (Botrytis cinerea) (Parvandi 
et al. 2021). In this study, we found that flavonoid biosynthe-
sis-related proteins and metabolites, such as CHS2 and PHC 
4′-O-glucoside, were up-regulated (Fig. 5, Table 4). Simi-
lar studies also reported that the expression of CHS gene 
in rice was up-regulated by inoculated with Herbaspiril-
lum seropedicae (Wiggins et al. 2022). Chalcone synthase 
(CHS) is a key enzyme in the biosynthesis of flavonoids. The 
increased expression levels of CHS2 gene can protect ginger 
from infection by Fusarium solani (Zhou et al. 2022). In 
addition, El-Gendi et al. (2022) have shown that the overex-
pression of CHS2 gene in tobacco plants promoted flavonoid 
accumulation. In this study, we found PHC 4′-O-glucoside 
was highly positively correlated with the protein CHS2 in 
flavonoid biosynthesis (Fig. 6). In addition, our metabolome 
analysis results showed that PHC 4′-O-glucoside was up-
regulated in wheat seedlings inoculated with Bacillus sp. 
wp-6 (Table 4). Begum et al. (2022) have confirmed that the 
flavonoids content in tobacco plants could be increased by 
inoculation with Bacillus methylotrophicus. However, the 
accumulation of flavonoid could be used by plants to prevent 
pathogen infection after they break through the plant’s con-
structive defense system (Liu et al. 2022). Hence, inocula-
tion with Bacillus sp. wp-6 protects wheat seedlings from 
pathogen infection by promoting flavonoid biosynthesis, 
thus promoting wheat growth.

Fig. 6   Correlation network analysis of the differentially expressed 
proteins and metabolites. The red line represents a positive correla-
tion between the differential metabolites and the differential proteins; 
the green line represents a negative correlation; the grey represents 
the differential metabolites and the differential proteins belong to this 
pathway

Table 5   Carbon metabolism-related proteins and metabolites in common pathway

Accession Gene name Protein name Fold change adj_p value

Proteins
 A0A3B6CD34 GLO3 Peroxisomal (S)-2-hydroxy-acid oxidase 0.39 0.000

Metabolite Adducts Mass error Fold change p value

Metabolites
 l-Aspartate M+H−H2O, M+H, 

M+Na
2.586 1.53 0.004
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Carbon metabolism

One-carbon (C1) unit is essential for plants, and its metab-
olism can provide energy for plant growth (Kołton et al. 
2022). In this study, our results found that inoculation with 
Bacillus sp. wp-6 promoted the accumulation of L-aspartate 
in wheat seedlings (Fig. 5, Table 5). Studies have shown that 
l-aspartate is vital for nitrogen storage and transport in many 
plants, and plays an important role in nitrogen metabolism 
(Conesa et al. 2022). (S)-2-Hydroxy-acid oxidase (GLO3), 
a photorespiration enzyme, which greatly impact plants’ 
photosynthesis in plant (Yu et al. 2018). However, in this 
study, GLO3 was down-regulated in carbon metabolism 
(Fig. 5, Table 5). In addition, the metabolites l-aspartate 
and l-arginine had were negatively correlated with GLO3 
(Fig. 6). This phenomenon might be caused by a decrease 
in the energy consumption of carbon metabolism and an 
increase in energy supplies for amino acid metabolism.

Conclusions

In summary, inoculation with Bacillus sp. wp-6 induced the 
accumulation of JA signaling molecules in wheat seedlings 
through the up-regulation of AOS and LOX, whereas JA 
triggered the ISR to protect wheat seedlings from pathogen 
infection (Fig. 7). Besides, it also promoted amino acid metab-
olism by up-regulating proteins (ASA1, At2g45300, NADH-
GOGAT, and AKHSDH2) and metabolites (l-aspartate and 
l-arginine). Nitrogen metabolism could provide additional 
nutrients for wheat seedlings and defense against patho-
gens. The up-regulation of proteins (NADH-GOGAT and 
AKHSDH2), and accumulation of metabolites (l-aspartate and 
l-arginine) could promote nitrogen metabolism through regu-
lating amino acid metabolism. The up-regulation of proteins 

ASA1 and At2g45300 in amino acid metabolism can medi-
ate the flavonoid biosynthesis to prevent pathogen infection 
in wheat seedlings. In addition, amino acid metabolism has a 
negative feedback effect on carbon metabolism. These results 
provide a comprehensive understanding of the mechanism 
by which inoculation with Bacillus sp. wp-6 promotes wheat 
seedling growth. Overall, this research shows the applica-
tion potential of Bacillus sp. wp-6 in sustainable agricultural 
development.

In future, Bacillus sp. wp-6 can be widely used to replace 
the agrochemicals such as chemical fertilizers and pesticides 
in sustainable agricultural production. However, many issues 
still need to be resolved before Bacillus sp. wp-6 can be widely 
used. For instance, this research was conducted in the green-
house and laboratory conditions. Therefore, it is necessary 
to explore the effects of Bacillus sp. wp-6 inoculation in the 
field. Besides, the massive production of this strain to meet the 
requirements of large-scale field use also requires new tech-
nologies. Moreover, the application of single strain wp-6 in 
different crop production practices is very limited. Therefore, 
the use of multiple strains might be more effective for the pro-
duction of different crops in sustainable agriculture.
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