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Bacillus sp. WR12 alleviates iron deficiency in wheat 
via enhancing siderophore- and phenol-mediated iron 
acquisition in roots

Zonghao Yue · Yanjuan Chen · Yuwen Hao · Congcong Wang ·  
Zhifeng Zhang · Can Chen · Hongzhan Liu · Yongchuang Liu · Lili Li ·  
Zhongke Sun   

Results  Bacillus sp. WR12 significantly increased 
root length and dry weight, leaf chlorophyll con-
tent and Fe content in Fe-deficient wheat seedlings. 
Genome analysis of WR12 and CAS agar diffu-
sion test demonstrated that WR12 had a dhbACEBF 
operon and produced siderophores. Significant 
upregulation of this operon and more siderophore 
synthesis in WR12 were observed when Fe was 
insufficient. Transcriptomic data of roots indicated 
change of expression of a large number of genes in 
Fe-deficient wheat after WR12 inoculation. Particu-
larly, PAL, CYP73A, COMT, F5H, HCT and CAD 
genes involved in phenylpropane biosynthesis were 
significantly up-regulated. Moreover, elevated phenol 
accumulation was detected in the root of wheat after 
inoculation with WR12 under Fe deficiency.
Conclusions  Bacillus sp. WR12 alleviates Fe defi-
ciency in wheat and this can be partially attributed 
to enhanced siderophore production and phenol 
accumulation.

Keywords  Triticum aestivum · Fe deficiency · Fe 
uptake · Siderophore · Phenol

Abbreviations 
B	� Bacillus
PGPB	� Plant growth promoting bacteria
LB	� Luria-Bertani
RNA-seq	� RNA sequencing
DEGs	� Differentially expressed genes
GO	� Gene ontology

Abstract 
Purpose  Iron (Fe) deficiency seriously affects crop 
growth and yield. This study investigated whether and 
how an endophytic isolate, strain Bacillus sp. WR12, 
alleviates Fe deficiency in wheat (Triticum aestivum L.).
Methods  Bacillus sp. WR12 and wheat seedlings 
were hydroponically co-cultured for 2  weeks under 
Fe-deficient conditions. To evaluate the Fe deficiency 
alleviating potential, wheat growth parameters were 
compared. To elucidate possible mechanisms, the 
genome of WR12 was sequenced, and production 
of siderophores was detected. In addition, transcrip-
tomes of wheat root were compared, and accumula-
tion of phenolic compounds was measured.
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KEGG	� Kyoto encyclopedia of genes and 
genomes

CAS	� Chrome azurol sulphonate
FOE	� ferrioxamine E

DHBA	� Dihydroxybenzoic acidIntroduction

Iron (Fe) is an essential trace element and has irre-
placeable functions in the growth and development of 
plants. As a cofactor of many enzymes and proteins, it 
is involved in a lot of biological processes, including 
photosynthesis, electron transfer, chemical transitions, 
mitochondrial respiration, and regulation of protein 
stability (Connorton et  al. 2017; Zhang et  al. 2019). 
Although abundant in the Earth’s crust, most Fe exists 
in the form of ferric compounds showing low solubil-
ity in soils, especially in alkaline soils that account 
for 30% of global land (Imsande 1998; Li and Lan 
2017). This leads to very low Fe bioavailability, insuf-
ficient to satisfy the needs of plant growth. As a con-
sequence, Fe deficiency has become one of the most 
widespread abiotic stresses. For crops, Fe deficiency 
often results in leaf chlorosis, growth retardation, and 
reduction in yields and quality (Sebastian et al. 2017). 
Moreover, Fe deficiency in crops affects dietary Fe 
acquisition, leading to Fe deficiency related diseases 
in humans (Gozzelino and Arosio 2016). According to 
the World Health Organization (WHO), Fe deficiency 
is an important global nutrition problem and seriously 
impacts more than 2 billion people (http://​www.​who.​
int/​nutri​tion/​topics/​ida/​en/). Therefore, alleviation 
of Fe deficiency is of great significance to both crop 
growth and human health.

Plant-associated microbes play vital roles in plant 
growth and development, and many microbes have 
been found to improve nutrition absorption, includ-
ing Fe, and to induce abiotic stress tolerance in plants 
(He et al. 2020; Lata et al. 2018; Ramakrishna et al. 
2020). Among these microbes, Bacillus (B.) sp. is a 
group of gram-positive bacteria that is commonly 
termed plant growth promoting bacteria (PGPB). 
Some species of the genus Bacillus sp. are able to 
promote plant growth and enhance Fe uptake. For 
instance, inoculation with PGPB including Bacillus 
altitudinis increases plant biomass, grain yield and 
grain Fe content in Cicer arietinum and Cajanus 
cajan under field conditions (Gopalakrishnan et  al. 
2016). Application of B. subtilis GBO3 to Manihot 

esculenta augments growth, photosynthesis and Fe 
accumulation (Freitas et  al. 2015). In addition, sig-
nificant increases in root length and biomass and 
leaves photosynthesis were observed in B. subtilis 
STU6 inoculated tomato under Fe-limited condi-
tions (Zhou et  al. 2019). These findings provide a 
possible strategy for using Bacillus sp. as inoculants 
to ameliorate Fe deficiency stress in crops.

As the staple food for billions of people, wheat 
(T. aestivum L.) supplies a large part of the daily 
energy and nutrients intake (Dinu et al. 2018). How-
ever, the majority of wheat lines are short of Fe. In 
our previous study, we obtained several endophytes 
belonging to the genus Bacillus sp. from the root 
of wheat (Sun et  al. 2017; Yue et  al. 2019). Con-
sidering the widespread Fe deficiency in soils and 
the potential of Bacillus sp. to improve Fe uptake, 
we wondered whether Bacillus sp. WR12, an Fe-
tolerant isolate, could also ameliorate Fe deficiency 
in wheat. Therefore, this study was designed to: (1) 
assess the potential of WR12 to alleviate Fe defi-
ciency stress in wheat seedlings using a hydroponic 
model; (2) evaluate the growth, siderophore produc-
tion and gene expression in the siderophore biosyn-
thesis pathway of WR12 under Fe deficiency; (3) 
discover the underlying mechanisms by the analyses 
of comparative transcriptomics of wheat root and 
the draft genome of WR12.

Materials and methods

Plant materials, bacteria strains and growth 
conditions

Seeds of wheat (cv. Zhoumai 28) were provided by Dr. 
Hongzhan Liu of Zhoukou Normal University. The 
wheat seeds were surface-sterilized using 10% sodium 
hypochlorite for 5  min and washed three times with 
sterile water (Djanaguiraman et al. 2019). Then these 
seeds were placed in sterile 9-cm diameter Petri dishes 
containing sterile water, and kept in the dark at 25 °C. 
After 2  days of germination, these seeds were trans-
ferred to half-strength Hoagland’s medium and grown 
at 25 ± 0.5 °C and 55 ± 4% relative humidity following 
a photoperiod of 12/12 h (light/dark), as described else-
where (Yue et al. 2021). During plant growth, the cul-
ture solutions were renewed every other day. Bacillius 
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sp. WR12 was cultured for 24 h at 30 °C, at 160 rpm in 
Luria-Bertani (LB) broth.

Co‑culture of WR12 and wheat

Well-germinated wheat seeds were randomly 
assigned to twelve plastic basins (28 × 22 × 10  cm) 
each containing 1  L of half-strength Hoagland’s 
medium in the presence or absence of 100  μM of 
2,2′-dipyridyl and 107  cfu/mL of WR12 vegetative 
cells. 2,2′-dipyridyl is an Fe chelator often used to 
create an Fe deficient condition in medium (Gaballa 
et al. 2008; Segond et al. 2014). The inoculation con-
centration of WR12 was selected based on previous 
researches and common sense in practice (Larcher 
et  al. 2003; Ledea-Rodríguez et  al. 2020; Sun et  al. 
2021). These basins were divided into four groups: 
group 1 without 2,2′-dipyridyl and WR12 inoculation 
(Fe+); group 2 without 2,2′-dipyridyl and with WR12 
inoculation (Fe+ + WR12); group 3 with 2,2′-dipy-
ridyl and without WR12 inoculation (Fe-); group 
4 with 2,2′-dipyridyl and with WR12 inoculation 
(Fe- + WR12). Each group contained 3 replications 
and each replication included 30 seedlings. After two 
weeks, all wheat seedlings were harvested and the 
lengths of roots and shoots were measured. Subse-
quently, 20 seedlings were used for the determination 
of dry weight and Fe content in roots and shoots after 
drying for 72 h at 75 °C in an oven. 20 fresh seedlings 
were used to detect the content of chlorophyll and 
total phenolics. The roots of the remaining seedlings 
were frozen in liquid nitrogen and stored at −80  °C 
for RNA sequencing.

Detection of chlorophyll content

The content of chlorophyll in fresh leaves was 
detected according to a previously described method 
(Zhou et al. 2016). Briefly, 0.5 g of fresh leaves was 
homogenized with 80% acetone in darkness and 
centrifuged at 8000×g for 5  min. The supernatant 
was collected and measured at 663 nm and 645 nm 
using a SpectraMax i3x microplate reader (Molecu-
lar Devices, Sunnyvale, USA). The concentration of 
total chlorophyll (CT) was calculated based on the 
formulas (20.21 × A645 + 8.02 × A663) described 

by Arnon (1949). The chlorophyll content is pre-
sented as mg/g·fresh weight (FW).

Measurement of Fe content in wheat tissues

The digestion of roots and shoots was carried out 
according to a previously described method (Cuddy 
et  al. 2013). Briefly, dried plant materials (0.1  g) 
were digested with 10  mL of distilled 70% nitric 
acid for 8 h at 120 °C. Then, 2 mL of 30% hydro-
gen peroxide was added to the above solutions and 
heated at 120 °C for 30 min. Once cool, the digested 
solutions were diluted to 15  mL with deionized 
water and filtered with 0.45  μm of micromem-
brane. Finally, the Fe content in the solutions was 
determined using a flame atomic absorption spec-
trophotometer (A3AFG, Persee, Beijing, China). 
Furthermore, Fe standard solution (1000  μg/mL in 
1.0 mol/L HNO3) purchased from Macklin (Mack-
lin, Shanghai, China) was used for calculating the 
standard curve. For quality control, the recovery 
rates of Fe in root and shoot were determined via 
added 60 μL of Fe standard solution during diges-
tion. The detection limit was 5  μg/L. The recov-
ery rates of Fe in root and shoot were 97.1% and 
108.7%, respectively. Fe content in tissues is pre-
sented as μg/g·dry weight (dw).

Determination of total phenol content

The content of total phenols in roots was deter-
mined according to previously described methods 
with minor modifications (Azam Ansari et al. 2019; 
Rahimi et al. 2020). Briefly, 0.3 g of fresh root was 
ground in liquid nitrogen, mixed with 2  mL 95% 
methanol, and stood for 24  h in the dark at 4  °C. 
After centrifugation of 8000×g for 10 min, 0.1 mL 
of extract was mixed with 0.1  mL Folin–Ciocal-
teu reagent (Sigma-Aldrich, USA) prepared from 
Na2MoO4, Na2WO4, H3PO4, HCl and Li2SO4. After 
standing for 5 min, 0.3 mL of 10% Na2CO3 solution 
was added, and the final mixture was kept at room 
temperature for 2 h. Gallic acid was used as stand-
ard and the absorbance was recorded at 765 nm with 
a microplate reader in triplicate. Total phenolic con-
tent in roots is presented as mg gallic acid / g·FW.
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Root RNA isolation and sequencing

The isolation and quality assurance of total RNA from 
root samples were performed according to our previ-
ously described method (Yue et  al. 2021). Obtained 
RNA was then used to construct cDNA libraries 
using the TruSeq™ RNA sample prep kit (Illumina, 
San Diego, USA) and RNA sequencing was carried 
out in a Novaseq 6000 system (Illumina, USA), by 
Majorbio Biotech Co., Ltd., Shanghai, China.

Using SeqPrep and Sickle software, raw data were 
filtered for adapter reads, low-quality reads, higher 
N-ratio (> 10%) reads and < 50 bp reads. The result-
ing clean reads were then aligned with the wheat 
reference genome (version IWGSC) using TopHat2 
(http://​ccb.​jhu.​edu/​softw​are/​tophat/​index.​shtml) and 
assembled using StringTie (http://​ccb.​jhu.​edu/​softw​
are/​strin​gtie/). These raw data have been submitted to 
NCBI Sequence Read Archive (SRA) with the acces-
sion numbers SRR13346686 - SRR13346697.

Differentially expressed genes (DEGs) and 
enrichment analysis

Gene expression levels were analyzed with the tran-
scripts per million reads (TPM) method using RSEM 
software (http://​dewey​lab.​github.​io/​RSEM/). DESeq2 
software was used to assess DEGs between the control 
and treatment groups (Love et al. 2014). The thresh-
old of DEGs was a false discovery rate-adjusted p 
value <0.05 and fold change >2.0. Enrichment analy-
ses of Gene Ontology (GO) and Kyoto Encyclopedia 
of Genes and Genomes (KEGG) pathways for DEGs 
were conducted using Goatools and KOBAS software, 
respectively (Tang et  al. 2015; Xie et  al. 2011). A 
venn diagram was generated using Venny 2.1 software 
(https://​bioin​fogp.​cnb.​csic.​es/​tools/​venny/​index.​html). 
Principal component analysis (PCA) analysis was per-
formed to evaluate the relationship between biologi-
cal repetitions in all groups using XLSTAT software 
(Bhatt and Maheshwari 2019).

Real‑time quantitative PCR (qPCR) validation

Ten DEGs (5 up-regulated and 5 down-regulated) 
were selected for the validation of RNA-seq data by 
qPCR. These gene primers were designed using the 
online tool Primer3Plus (Supplementary Table  S1). 
In brief, 500  ng of total RNA from RNA-seq was 

reverse transcribed into cDNA by HiScript® II Q RT 
SuperMix kit (Vazyme Biotech, Nanjing, China). The 
qPCR reaction was carried out in a CFX96 Touch™ 
Real-Time PCR Detection System (Bio-Rad, Hercu-
les, USA) using a 2× ChamQ™ SYBR qPCR Master 
Mix kit (Vazyme, China) according to the manufac-
turer’s protocol. The qPCR reaction protocol was as 
follows: 95 °C for 30 s followed by 40 cycles of 10 s 
at 95 °C and 30 s at 60 °C. A melting curve analysis 
with a temperature gradient of 0.5  °C/s from 65  °C 
to 95 °C was performed to confirm a single amplifi-
cation product. For normalization, gapdh (gene id: 
TraesCS6B02G185400) was used as the reference 
gene because this gene was stably expressed under 
our experimental conditions. The relative mRNA 
expression was evaluated using the 2−ΔΔCt method 
(Livak and Schmittgen 2001).

Draft genome sequencing, annotation, and 
bioinformatic analyses

Strain Bacillius sp. WR12 was cultured in 200 mL of 
LB broth for 24 h. By centrifugation of 12,000  rpm 
for 10 min, bacteria cells were harvested and washed 
three times with sterile water. Genomic DNA was 
then extracted using a Bacterial DNA Extraction Kit 
(Tiangen Biotech, Beijing, China) in accordance with 
the manufacturer’s instructions. Quality and quantifi-
cation analysis of the extracted DNA were performed 
using 1% (w/v) agarose gel electrophoresis and Nan-
odrop 2000c Spectrophotometer (Thermo Fisher Sci-
entific, Waltham, USA), respectively. High quality 
genomic DNA was used to construct Illumina librar-
ies and sequenced on an Illumina Hiseq Xten system 
(Illumina, Inc., San Diego, USA) by Beijing Abace 
Biology Co., Ltd.

After sequencing, quality-control of the result-
ing raw data was firstly conducted by PRINSEQ-lite 
tool to filter out adapters and low-quality reads. Using 
SOAPdenovo version 2.04, the remaining reads were 
spliced into contigs which were further assembled 
into scaffolds. Then, the gaps in these scaffolds were 
filled utilizing GapCloser v1.12. Glimmer v3.02 and 
Basic Local Alignment Search Tool (BLAST) were 
used to predict and annotate protein-coding sequences 
(CDSs) in the draft genome. All predicted proteins 
were analyzed by the Clusters of Orthologous Groups 
(COG, http://​string-​db.​org/, v9.05), KEGG (http://​
www.​genome.​jp/​kegg/), and GO (http://​www.​geneo​
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ntolo​gy.​org/) databases. Additionally, ribosome RNA 
(rRNA) and transfer RNA (tRNA) were predicted 
using Barrnap 0.4.2 and tRNAscan-SE v1.3.1 soft-
ware, respectively. The draft genomic data of WR12 
by shotgun sequencing have been submitted to Gen-
Bank with accession number JABAJR000000000 and 
were further annotated automatically by the NCBI 
prokaryotic genome annotation pipeline (PGAP).

Genomic analysis of siderophore synthesis

To find the genes related to siderophore biosynthesis, 
a primary search of proteins in the WR12 genomic 
database was conducted with the keyword “dhb” and 
specific “protein names” encoded by gene clusters of 
dhb. Subsequently, all these related genes were fur-
ther identified by BLAST.

Siderophore secretion assay

Strain Bacillius sp. WR12 was inoculated into 5 mL 
of LB broth for 24  h, following centrifugation at 
12000  rpm for 10  min. Then, the supernatant was 
collected for qualitative analysis of siderophores 
according to the method described previously with 
minor modification (Kalidasan et  al. 2018; Schwyn 
and Neilands 1987). Briefly, 70 μL of cell-free-super-
natant was added to a 5-mm round hole punched on 
the Chrome Azurol Sulphonate (CAS) agar diffusion 
plates and incubated at room temperature for 72  h, 
with ferrioxamine E (FOE) as the positive control and 
LB broth as the negative control. Observed orange 
halo zones around these holes mean the production of 
siderophores.

The growth, siderophore production and gene 
expression related to siderophores biosynthesis of 
WR12 under Fe deficiency

Strain Bacillius sp. WR12 was inoculated into 5 mL 
of LB broth with or without the chelator 2,2′-dipyri-
dyl (100 μM, Sigma-Aldrich, USA) for 24 h and cen-
trifuged at 12000  rpm for 5  min. The bacteria cells 
were collected, rinsed with sterile water, frozen in liq-
uid nitrogen, and stored at −80 °C for RNA isolation. 
The supernatant was collected and used to determine 
siderophores.

Bacteria total RNA of WR12 was extracted using 
a bacteria RNA extraction kit (Vazyme Biotech, 

Nanjing, China). After the detection of RNA quality 
and concentration, total RNA was reverse transcribed 
and the qPCR reaction was carried out according to 
the method mentioned above. The relative mRNA 
expressions were normalized with gapdh, a stably 
expressed housekeeping gene in our experimental 
conditions, and calculated using the 2−ΔΔCt method. 
These gene primers are shown in Supplementary 
Table S2.

The measurement of siderophore content was per-
formed according to the Arnow assay (Arnow 1937). 
In brief, 0.5  mL of supernatant was mixed sequen-
tially with 50  μL of 5  M HCl, 0.5  mL of nitrite-
molybdate reagent (10% NaNO2 and Na2MoO4) and 
50  μL of 10  M NaOH. The absorbance was meas-
ured at 515 nm using a microplate reader (Molecular 
Devices, USA). The standard curve was established 
using different concentrations of 3,4- dihydroxyben-
zoic acid (3,4-DHBA). Siderophore levels are pre-
sented as μM DHBA per OD600.

Data and statistical analysis

Statistical analysis was carried out in IBM SPSS Sta-
tistics 19.0 (IBM, Armonk, USA). Data are presented 
as mean ± standard deviation (SD). Significant dif-
ferences between control and treatment groups were 
analyzed by t-test and Tukey’s one-way analysis of 
variance (ANOVA). Values of p < 0.05 were consid-
ered as statistically significant.

Results

WR12 alleviates Fe deficiency in wheat

After two weeks of co-culture, WR12- inoculated 
wheat seedlings had similar growth and biomass to 
the control under the Fe sufficient condition (Fig. 1a, 
b). Under Fe deficiency, the growth of wheat seed-
lings was inhibited and leaf chlorophyll content was 
decreased, while WR12 alleviated these phenomena. 
Specifically, inoculation with WR12 significantly 
increased the length and dry weight in the root and 
the chlorophyll content in leaves compared with the 
uninoculated group (Fig.  1a–c). Moreover, Fe defi-
ciency led to the decrease of Fe content in the roots 
and shoots, while significant increases were observed 
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in WR12- inoculated wheat compared with WR12-
free wheat (Fig. 1d).

WR12 has an operon for siderophore biosynthesis 
and produces siderophores

By draft genome sequencing, 450  Mb of clean data 
were obtained. These data were assembled into 12 
scaffolds. In theGO database, a total of 2942 genes 
were annotated, of which 1732 (58.85%) fell into 
the metabolic processes in the biological process 
category (Fig.  S1). In the KEGG database, 4258 
genes were annotated to 206 pathways and more 
than half of the pathways were related to metabolism 
(Fig.  S2). Quality control, assembly and annotation 
information of this genome is shown in Supplemen-
tary Table  S3. Among these metabolism pathways, 
a “Biosynthesis of siderophore group nonribosomal 

peptides” pathway (map  01053) was observed, and 
these genes were identified as DhbA, DhbC, DhbE, 
DhbB and DhbF in this pathway. Further genome 
mining revealed ferric uptake regulator (Fur) gene 
in scaffold 1 and dhbACEBF gene cluster in scaffold 
2. The dhbACEBF operon was located at an area of 
102,009–113,786  bp, and these five genes lengths 
were 786 bp, 1197 bp, 1620 bp, 939 bp and 7137 bp, 
respectively (Fig.  2a). Additionally, CAS agar dif-
fusion test showed orange halo zones around these 
holes containing WR12-free supernatant, confirming 
the production of siderophores (Fig. 2b).

WR12 secretes more siderophores under Fe 
deficiency

Compared with the Fe sufficient condition, WR12 
grew well (84% of control) and secreted 31.5 times 

Fig. 1   Bacillus sp. WR12 alleviated Fe deficiency in wheat 
seedlings. a The length of roots and shoots; b The dry weight 
of roots and shoots; c Leaf chlorophyll content; d Fe con-
tents in roots and shoots. Wheat seedlings were planted in 

Hoagland’s medium supplemented with or without WR12 in 
the presence or absence of 2,2′-dipyridyl for two weeks. Data 
are expressed as the means ± SD (n = 12). Different letters rep-
resented significant difference at p < 0.05
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more siderophores under Fe deficiency (Fig.  3a, 
b). At transcription level, Fe deficiency induced the 
upregulation of dhbA, dhbB, dhbC, dhbE and dhbF 
genes and the downregulation of fur gene in WR12 
(Fig. 3c).

WR12 induces many DEGs in wheat under Fe 
deficiency

RNA-seq of roots in 12 samples generated 808.3 mil-
lion clean reads with Q30 > 95.9% (Table S4, 99.14% 
of the raw reads). These clean reads of each sample 
were aligned with the wheat reference genome and 
the mapped rate ranged from 81.52% to 90.77% 
(Table  S5). Then, these mapped reads were assem-
bled into 103,321 genes and 91.82% of them were 
successfully annotated in at least one of six data-
bases (Table S6). PCA analysis showed that the four 
experimental groups were separated from each other 
and the three biological replicates of each experi-
mental group gathered together, indicating effective 
treatment and acceptable biological replicability 
(Fig. 4a).

As shown in Fig. 4b, of the 15,881 differentially 
expressed genes (DEGs), 7774 were upregulated 
and 8107 were downregulated in Fe-deficient wheat 
seedlings (Fe-) in comparison with Fe-sufficient 
plants (Fe+). Moreover, a total of 4313 genes were 
differentially expressed in Fe-deficient wheat with 
WR12 inoculation (Fe- + WR12) compared with 

Fe-deficient plants (Fe-). Among these DEGs, 1898 
were upregulated and 2415 were downregulated 
(Fig.  4b). By the GO enrichment analysis, many 
DEGs in Fe- vs Fe- + WR12 were related to trans-
membrane transport and secondary metabolic pro-
gress in the subcategory of biological processes 
(BP) (Fig. 4c). Moreover, KEGG enrichment analy-
sis revealed that DEGs in Fe- vs Fe- + WR12 were 
significantly enriched to 9 pathways including “Phe-
nylpropanoid biosynthesis” (map00940) (Fig. 4d). In 
addition, many genes associated with mugineic acid 
family phytosiderophores (MAs), such as nicotian-
amine synthase (NAS), nicotianamine aminotrans-
ferase (NAAT) and deoxymugineic acid synthase 
(DMAS), were consistently upregulated under Fe 
deficiency, whereas these genes were not altered in 
WR12- inoculated plants (Table S7).

WR12 activates phenylpropanoid biosynthesis and 
promotes phenol accumulation in wheat roots under 
Fe deficiency

In the pathway of phenylpropanoid biosynthe-
sis, 72 of 81 DEGs were significantly upregu-
lated, indicating WR12 activates the pathway. To 
give more detail, the expression of phenylalanine 
ammonia-lyase (PAL, EC 4.3.1.24), trans-cinna-
mate 4-monooxygenase (CYP73A, EC 1.14.14.91), 
caffeic acid 3-O-methyltransferase (COMT, 
EC 2.1.1.68), ferulate-5-hydroxylase (F5H, EC 

Fig. 2   The dhbACEBF gene cluster for siderophore synthesis 
and siderophore production in Bacillus sp. WR12. a Scheme 
of dhbACEBF operon and siderophore synthesis pathway. 
After 24 h of inoculation in LB broth, WR12 was collected and 
its draft genome was sequenced, assembled and annotated to 

different databases. b Assay of siderophore production with 
the CAS agar. The cell free supernatant of WR12 was added 
to CAS agar plate and orange halo zones were observed after 
72 h of incubation
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1.14.-.-), shikimate O-hydroxycinnamoyltransferase 
(HCT, EC 2.3.1.133), and cinnamyl-alcohol dehy-
drogenase (CAD, EC 1.1.1.195) were up-regulated. 
Other genes, including cinnamoyl-CoA reductase 
(CCR​, EC 1.2.1.44), 4-coumarate-CoA ligase (4CL, 
EC 6.2.1.12;), beta-glucosidase (EC 3.2.1.21), and 
peroxidase (POD, EC 1.11.1.7), were either up- or 
down-regulated (Fig. 5a). Further qPCR analysis of 
10 selected DEGs displayed that the transcription 
results of the tested genes were similar to that of 
the RNA-seq data (Fig. 5b). In addition, total phe-
nol content in the root was significantly decreased 
in Fe-deficient wheat but increased significantly in 
the WR12-inoculated wheat under Fe deficiency 
(Fig. 5c).

Discussion

The total amount of Fe in soil is more than is required 
by plants. However, the aerobic and alkaline condi-
tions of soil cause soluble Fe2+ to be oxidized to 
insoluble Fe3+ (e.g., ferric hydroxides and ferric 
oxides) which is not readily available to plants (Kob-
ayashi et al. 2019). It has been reported that the con-
tents of free Fe3+ and Fe2+ are less than 10−15 M in 
well-aerated soils at physiological pH, far lower than 
the amount required for plant growth (10−9- 10−4 M) 
(Kim and Guerinot 2007). Hence, as a non-negligible 
abiotic stress, soil Fe deficiency adversely affects 
plant growth and development (Sebastian et al. 2017). 
Consistent with the results in previous studies, the 

Fig. 3   Bacillus sp. WR12 secreted more siderophores under 
Fe deficiency. a The growth of WR12. Growth of WR12 was 
measured by reading OD600 after 24  h of inoculation in LB 
broth supplemented with or without 2,2′-dipyridyl. b Quanti-
tative analysis of siderophores. The siderophore contents in 

medium from Fe sufficiency and Fe deficiency groups were 
determined using a microplate reader. Data are expressed as 
μM DHBA per OD600. c gene expression of dhbACEBF. Data 
are expressed as the means ± SD (n = 3). Different letters indi-
cate significant difference at p < 0.05
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Fig. 4   RNA-seq analyses of wheat roots. a PCA analy-
sis between biological repetitions in all treatment groups. 
b Venn diagram displaying up- and down-regulated differ-
entially expressed genes (DEGs) in Fe + vs Fe-) and Fe- vs 

Fe- + WR12. c and d GO and KEGG enrichment analyses of 
DEGs in the Fe- vs Fe- + WR12. BP, biological processes; CC, 
cellular components; MF, molecular functions
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dry biomass of the root, length of root and shoot, and 
content of leaf chlorophyll were significantly less in 
the Fe-deficient wheat seedlings than in the Fe-suf-
ficient plants in this study. In contrast, the seedlings 
inoculated with WR12 showed better growth under 
Fe deficiency. Similar results were also observed in 
B. subtilis STU6-inoculated tomato and Arbuscular 
mycorrhizal fungi supplemented sunflower under 
Fe-limited conditions (Kabir et al. 2020; Zhou et al. 
2019). Therefore, we suggest that Bacillus sp. WR12 
has the potential to alleviate Fe deficiency stress in 
wheat.

Fe plays an important role in chlorophyll biosyn-
thesis, and Fe shortage often results in chlorophyll 
reduction and leaf chlorosis (Roncel et  al. 2016). 
In this study, chlorophyll synthesis was obviously 

inhibited in Fe-deficient wheat leaves. Conversely, 
WR12-inoculated plants showed higher chlorophyll 
content (similar to Fe sufficiency) under Fe defi-
ciency, implying that WR12 may improve Fe uptake 
in Fe-deficient wheat. Furthermore, we determined 
Fe contents in wheat seedlings in different treatment 
groups and found that Fe contents were increased sig-
nificantly in wheat inoculated with WR12 compared 
to that without WR12 under Fe deficiency. Similar 
results were reported in other studies. For exam-
ple, Pisolithus tinctorius significantly increased Fe 
content and chlorophyll concentration in slash pine 
(Pinus elliottii) under Fe-deficient conditions (Leyval 
and Reid 1991), and Glomus versiforme inoculation 
resulted in higher chlorophyll and Fe concentrations 
in Fe-deficient trifoliate orange (Poncirus trifoliate) 

Fig. 5   Bacillus sp. WR12 activated phenylpropanoid bio-
synthesis and promoted phenolic accumulation in wheat 
roots under Fe deficiency. a DEGs in the Fe- vs Fe- + WR12 
enriched in phenylpropanoid biosynthesis pathway. Red boxes: 
significantly up-regulated genes. Blue triangles, pentagrams 

and circles: significantly up- and down-regulated genes. b 
qPCR validation of RNA-seq data in the Fe- vs Fe- + WR12. 
Data are expressed as the means ± SD (n = 3).c Total phenols 
of roots. Data are expressed as the means ± SD (n = 6). Differ-
ent letters represent significant difference at p < 0.05
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(Wang et  al. 2007). These findings demonstrate that 
WR12 enhances Fe absorption in plants under Fe 
deficiency.

Gramineous plants including wheat (Strategy II) 
acquire Fe mainly through the synthesis and secre-
tion of mugineic acids (MAs) (Beasley et  al. 2017; 
Connorton et al. 2017). In the root, MAs are synthe-
sized from S-adenosylmethionine (SAM) via a series 
of enzymes, such as nicotianamine synthase (NAS), 
nicotianamine aminotransferase (NAAT) and deoxy-
mugineic acid synthase (DMAS) (Ma et  al. 1995; 
Higuchi et al. 1999). Under Fe limitation, these MA-
associated genes are up-regulated in plants (Kob-
ayashi and Nishizawa 2012). Indeed, transcriptome 
data revealed that the transcripts of genes encoded 
NAS, NAAT and DMAS in Fe-deficient wheat were 
upregulated significantly in our study. However, these 
MA-associated gene expressions were not changed in 
Fe-deficient wheat with WR12 inoculation compared 
with the Fe-deficient wheat without WR12, indicating 
that the Fe uptake induced by WR12 inoculation was 
not associated with MA biosynthesis.

To find out whether WR12 produces a certain 
substance that promotes Fe absorption in plants, we 
sequenced the draft genome of WR12. By genome 
analyses, a gene cluster (dhbACEBF) related to 
siderophore synthesis was discovered, indicating 
that WR12 may produce siderophores, and further 
biochemical tests confirmed this. Siderophores are 
high affinity ferric iron (Fe3+) chelators synthesized 
and secreted by many microbes under Fe-deficient 
conditions (Khan et al. 2018). Many members of the 
genus Bacillus sp. have been confirmed to synthesize 
siderophores, including Bacillibactin (BB), such as B. 
subtilis, Bacillus licheniformis, Bacillus stratospheri-
cus, and Bacillus megaterium (Liu et al. 2021; Bhatt 
and Maheshwari 2020). Bacillibactin (BB) is the 
major catechol-based siderophore composed of dihy-
droxybenzoate (DHBA), threonine and glycine (Hotta 
et al. 2010). Its production starts with chorismite and 
depends on dhbACEBF operon under ferric uptake 
regulator (Fur) regulation. Fur is an Fe-dependent 
repressor that senses intracellular Fe content and reg-
ulates the expression of genes involved in Fe acqui-
sition (Pi and Helmann 2017). Under Fe-depleted 
conditions, the Fur regulon is derepressed, which 
results in the transcription of the dhbACEBF gene 
cluster and siderophore production (Chandrangsu 
et  al. 2017). In this study, all genes in dhbACEBF 

operon were uniformly upregulated and siderophore 
production was also increased remarkably in WR12 
cultured under Fe deficiency. In fact, it has been 
reported that siderophores promote plant growth and 
increase yield by enhancing the solubilization of Fe 
(Saha et  al. 2016; Verma et  al. 2021). For instance, 
application of Fe-fortified bacterial siderophores sig-
nificantly enhanced the growth, grain yield and grain 
Fe content in wheat (Sharma et al. 2019). The pres-
ence of siderophores significantly increased the Fe 
uptake and promoted plant growth in Pteris vittate 
(Liu et  al. 2017). Supplementation with pyoverdine, 
a siderophore synthesized by Pseudomonas fluores-
cens, resulted in the accumulation of Fe in leaves and 
roots of Solanum lycopersicum (Nagata et al. 2013). 
Hence, we suggest that the WR12-induced Fe uptake 
in Fe-deficient plants can be partially attributed to the 
production of siderophores.

In addition, KEGG analysis revealed that most of 
the DEGs enriched in the pathway of “phenylpropa-
noid biosynthesis” were up-regulated in WR12-inocu-
lated wheat under Fe deficiency compared with under 
Fe-deficiency alone. The phenylpropanoid pathway 
starts with phenylalanine and produces thousands 
of secondary metabolites including phenolic com-
pounds through a series of enzymatic reactions (Vogt 
2010). Therefore, the upregulation of genes encod-
ing PAL, CYP73A, COMT, F5H, HCT, and CAD in 
the present study indicated that WR12 activated this 
pathway under Fe deficiency. We then measured the 
total phenol content and observed the accumulation 
of phenols in Fe-deficient wheat with WR12 inocu-
lation. Similarly, a significant increase in phenolic 
compounds has been observed in the Azospirillum 
brasilense inoculated cucumber and Paenibacillus 
polymyxa inoculated Arabidopsis under Fe deficiency 
(Pii et al. 2015; Zhou et al. 2016). Plant phenols are a 
group of aromatic compounds that play critical roles 
in response to biotic and abiotic stresses, including Fe 
deficiency (Jin et al. 2007a; Msilini et al. 2013). It has 
been reported that phenols facilitate Fe acquisition 
by increasing Fe solubility in soil and mediating the 
mobilization of root apoplastic Fe due to their reduc-
tive and chelating properties (Bashir et  al. 2011; Jin 
et al. 2007b; Tato et al. 2013). Furthermore, phenols 
also influence the rhizosphere microbial community 
and recruit more siderophore-producing bacteria, 
which in turn indirectly promotes plant Fe acquisi-
tion (Jin et  al. 2007b, 2010). Therefore, WR12 may 
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exert the beneficial effect to wheat also by increasing 
phenol production in the root, thereby enhancing Fe 
absorption and alleviating Fe deficiency. The inter-
action between WR12 and wheat highlighted their 
mutualistic relationship, as indicated in this study 
under Fe deficiency.

In summary, the present study showed that Bacil-
lus sp. WR12 alleviates the growth inhibition and 
weakened photosynthesis caused by Fe deficiency 
in wheat seedlings. This is because WR12 improved 
Fe acquisition in wheat. One potential mechanism 
was WR12 had an induced dhbACEBF operon and 
produced more siderophores under Fe deficiency. 
Another possibility is that WR12 enhanced Fe uptake 
partially by activating phenylpropanoid biosynthesis 
and promoting phenol secretion in the plants. Our 
findings support using siderophore-producing micro-
organisms as bio-fertilizer to improve wheat growth 
in response to Fe deficiency.
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