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Pascale B. Beauregard, 2 A ´ kos T. Ková cs, 3 Yifa Yu, 4 Yuan Luo, 4 Wei Ran, 1 Ruifu Zhang, 1 and Qirong Shen 1,6, *
1 Jiangsu Provincial Key Lab of Solid Organic Waste Utilization, Jiangsu Collaborative Innovation Center of Solid Organic Wastes, Jiangsu 

Provincial Key Laboratory of Coastal Saline Soil Resources Utilization and Ecological Conservation, Educational Ministry Engineering Center 

of Resource-Saving Fertilizers, Nanjing Agricultural University, Nanjing, Jiangsu 210095, P.R. China
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SUMMARY

Plant-beneficial microorganisms are frequently reported to enhance iron (Fe) nutrition in plants, yet the pre-

cise underlying mechanisms remain largely unknown. Although both bacterial siderophore production and 
biofilm formation are beneficial for microbial plant growth promotion, these two bacterial traits have been 
studied separately. Here, we reveal a strong coupling between these two bacterial traits in enhancing plant 
Fe uptake using the biofilm-forming rhizobacterium Bacillus velezensis SQR9. We demonstrate that SQR9 
biofilms accumulate Fe on plant roots and serve as an Fe reservoir. Crucially, the siderophore bacillibactin 
enables biofilm Fe accumulation from the environment, while simultaneously stimulating Fe acquisition 
mechanisms in plants. Field experiments confirmed the ability of SQR9 to boost crop yields in alkaline soils, 
highlighting its potential for improving iron-limiting plant performance. Our findings emphasize a key role of 
rhizobacterial siderophores and biofilms in Fe uptake and offer mechanistic insights for microbial bio-

fortification strategies against Fe deficiency in crops.

INTRODUCTION

One of the greatest challenges in modern agriculture is sustain-

ably feeding the rapidly increasing population with limited land 

resources. Approximately 30% of the global cultivated lands 

consist of calcareous soils characterized by high pH and 

elevated bicarbonate content. 1 In these soils, crops frequently 

exhibit leaf chlorosis and reductions in yield and quality due to 

poor iron (Fe) bioavailability. 2 Moreover, Fe deficiency in crops 

negatively affects dietary Fe intake, leading to anemia, fatigue, 

poor pregnancy outcomes, and impaired cognitive development 

in children. 3 Consequently, Fe deficiency is among the most 

prevalent micronutrient deficiencies, impacting more than 2 

billion people worldwide. 4

To address potential Fe deficiency in food, strategies such as 

food supplementation, agronomic practices, conventional 

breeding, and transgenic approaches have been employed to 

alleviate malnutrition. 5 However, each of these methods has lim-

itations, including high costs, environmental pollution, time-

intensive implementation, and low public acceptance. 6,7 

Increasing evidences suggest that microbial biofortification of-

fers a cost-effective, environmentally sustainable strategy to 

enhance Fe availability in plants. 8–10

Plants have evolved two distinct strategies for Fe uptake to 

adapt to Fe-limited environments. Non-graminaceous monocots 

and dicots, such as Arabidopsis thaliana and cucumber, employ 

a reduction-based strategy (i.e., strategy I), which involves rhizo-

sphere acidification by H + -ATPase 2 (AHA2), the reduction of 

Fe 3+ to Fe 2+ by FERRIC REDUCTION OXIDASE 2 (FRO2), and 

the root uptake of Fe 2+ by IRON-REGULATED TRANSPORTER

1 (IRT1). 11 Additionally, graminaceous monocots, such as rice 

and maize, utilize a chelation-based strategy (i.e., strategy II), 

which involves the secretion of phytosiderophores (PSS) by 

TRANSPORTER OF MUGINEIC ACID 1 (TOM1) and the root up-

take of the Fe 3+ -PS complex by YELLOW STRIPE 1 (YS1) or 

YS1-Like (YSL). 12 The positive effects of microorganisms on 

plant Fe uptake were first demonstrated by comparing the Fe 

content in maize and sunflower grown in sterile vs. non-sterile 

soils. 13 Since then, numerous plant growth-promoting rhizobac-

teria (PGPR) have been reported to mitigate Fe deficiency stress 

in plants through various mechanisms. These include enhancing 

Fe bioavailability, 14–16 activating Fe acquisition and translocation 

pathways in plants, 17–19 promoting root development, 20,21 and 

increasing antioxidant enzymatic activities. 22,23 In general, mul-

tiple mechanisms concurrently operate to alleviate plant Fe defi-

ciency. 17,23,24 Despite the significant role of PGPR in enhancing
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plant Fe uptake and homeostasis, the molecular mechanisms 

underlying these processes remain largely unknown.

Bacillus spp., widely recognized as PGPR in sustainable 

agriculture, confer tolerance to biotic and abiotic stress in 

plants. 25–27 Bacillus velezensis SQR9 (hereafter referred to 

as SQR9) is a beneficial rhizobacterium that colonizes plant 

roots and supports plant health by controlling diseases, 28 pro-

moting growth, 29 and enhancing salt tolerance. 30 Similarly, 

Bacillus subtilis NCIB 3610 (hereafter referred to as 3610) pro-

motes plant growth and antifungal resistance in melon 

through efficient root colonization. 31 The ability of Bacillus 

spp. to form biofilms on roots is critical for their efficient rhizo-

sphere colonization and beneficial effects on plants. 32 Inter-

estingly, 3610 biofilms can accumulate Fe from the environ-

ment by secreting siderophores, leading to a 10-fold higher 

concentration of matrix-bound Fe to intracellular Fe. 33,34 How-

ever, whether Bacillus biofilms accumulate Fe on roots in situ 

and whether this accumulation enhances plant Fe uptake 

remain unclear.

To cope with Fe shortages, bacteria secrete siderophores— 

small molecules with a strong affinity for ferric ions. Sidero-

phores solubilize Fe by forming siderophore-Fe complexes, 

thereby increasing Fe bioavailability in the surrounding environ-

ment. 35 They are essential for PGPR in biofilm formation and 

root colonization. 36 In addition, siderophores produced by 

PGPR have long been shown to enhance plant Fe nutrition, 

conferring growth advantage. 37,38 For instance, pyoverdine, a 

siderophore from Pseudomonas fluorescens, significantly 

increases Fe concentrations in both monocotyledonous grami-

naceous and dicotyledonous plants, with greater efficacy than 

Fe-EDTA. 39,40 This raises the question of whether siderophore 

production during Bacillus biofilm formation on roots similarly 

benefits plant Fe acquisition.

Herein, we hypothesized that biofilm-forming Bacillus spp. 

promote plant Fe uptake through biofilm formation. We exam-

ined the emerging role of Bacillus biofilms in enhancing plant 

Fe acquisition using the biofilm-forming rhizobacterium

B. velezensis SQR9. First, we investigated the effects of 

SQR9 on Fe uptake in various plants. Next, we analyzed the 

relationship between Bacillus biofilm formation and plant 

Fe uptake using SQR9 mutants. Finally, we elucidated the mo-

lecular mechanisms underlying the contribution of Bacillus 

biofilms to plant Fe acquisition. Our findings provide a theoret-

ical foundation for improving crop Fe nutrition and yields in 

alkaline soils through biofortification strategies leveraging 

PGPR with strong biofilm-forming and siderophore-producing 

capabilities.

RESULTS

B. velezensis SQR9 promotes Fe uptake in different 

crops grown in calcareous soils and improves crop 

yields in alkaline soils across China

Plants grown in calcareous soils often exhibit chlorosis, which 

hinders their growth. 2 To evaluate the influence of SQR9 inocu-

lation on crops grown in calcareous soils, cucumber, rice, and 

maize were tested due to their differing Fe acquisition strate-

gies. 11,24 Remarkably, SQR9 inoculation significantly alleviated 

Fe deficiency-induced chlorosis in all three crops (Figures 1A– 

1C). In particular, compared with the control, SQR9-treated 

plants exhibited significant enhancement in soil and plant 

analyzer development (SPAD) values (29.0%–82.9%), active Fe 

content in young leaves (19.5%–58.0%), and dry weight 

(41.7%–157.9%; Figures 1A–1C).

A. thaliana, widely used for studying plant-microbe interac-

tions, 41,42 was utilized to explore SQR9-mediated Fe uptake by 

the plant under controlled conditions. In both Hoagland solution 

and Hoagland agar in the presence of 50 μM Fe(III)EDTA, SQR9 

inoculation significantly increased chlorophyll content (approxi-

mately 20.9%), active Fe content in leaves (51.3%–54.0%), 

and fresh weight of plants (38.4%–59.6%) compared with the 

uninoculated control (Figures 1D and S1). However, the chloro-

phyll-enhancing effect was undetectable when Fe concentration 

was below 50 μM (Figure S1A). Using micro X-ray fluorescence 

spectrometer (μ-XRF)—a non-destructive method for elemental 

analyses and spatial distribution, 43 we found significant differ-

ences in the spatial distribution of Fe in leaves (Figure S1E); 

moreover, SQR9-inoculated plants exhibited approximately 

2-fold higher Fe intensity in young leaves compared with the un-

inoculated control (Figure S1F). These findings, corroborated by 

increased chlorophyll and active Fe content (Figures S1A and 

S1D), suggest that SQR9 inoculation enhances Fe absorption, 

mitigating Fe deficiency-induced chlorosis.

Crop yields are severely hampered in alkaline or calcareous 

soils due to Fe deficiency. 44 To evaluate the field efficacy of 

the SQR9 inoculation, strategy I plants, including tomato, cotton, 

sunflower, baby cabbage, and pepper, and strategy II plants, 

including wheat and maize, were cultivated in alkaline soils 

across five provinces in northern China (Table S1). Crops treated 

with SQR9 exhibited significant yield increases (9.6%–52.7%) 

compared with controls (Figure 1E; Table S2). Notably, SQR9 

inoculation showed the most significant yield-enhancing effect 

on wheat in Changji, resulting in an increase of 52.7%. In 

contrast, the effect was weakest on cotton in Karamay and 

maize in Tieling, where the yield increase was approximately

Figure 1. Inoculation with B. velezensis SQR9 significantly mitigates the chlorotic phenotypes observed in various crops grown in calcar-

eous soils and improves crop yields in alkaline soils across China

(A–C) Phenotypes, young leaves, SPAD values (n = 12), active Fe content in young leaves (n = 3), and dry weight (n = 6) of cucumber plants (A), rice plants (B), and 

maize plants (C) treated with or without B. velezensis SQR9 in calcareous soils. Scale bars, 5 cm in the phenotypes. Scale bars, 2 cm in the leaves.

(D) Phenotypes, leaves, chlorophyll content (n = 6), active Fe content in the leaves (n = 3), and fresh weight (n = 6) of Arabidopsis plants treated with or without 

SQR9 in Hoagland solution. Scale bar, 5 cm in the phenotypes. Scale bar, 2 cm in the leaves.

(E) Positive effects of SQR9 on different crop yields at 10 field sites located in the 5 provinces of northern China. The base map is from the Resource and 

Environment Science and Data Center, China (https://www.resdc.cn/Default.aspx), and the map approval number is GS Jing (2022) 1061. Scale bar, 1000 km. 

See also Tables S1 and S2.

Data are presented as mean ± SD. Significant differences were determined by Student’s t test. *p < 0.05, **p < 0.01, and ***p < 0.001.
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10%. Additionally, tomatoes treated with SQR9 in Tacheng ex-

hibited a yield increase of 26.3%, while the increase in Bozhou 

was only 12.5%. Similarly, the yield-enhancing effects of SQR9 

inoculation on wheat varied considerably across different loca-

tions, with yield increases of 52.7% in Changji, 36.7% in Yili, 

and 23.6% in Yuncheng (Table S2). Altogether, these findings 

underscore the potential of SQR9 application for enhancing 

crop yields in alkaline soils.

Biofilm formation by Bacillus contributes to enhanced 

plant Fe uptake

As biofilms of B. subtilis accumulate Fe via its siderophore, 33,34 

we tested the role of SQR9 biofilms in promoting plant Fe uptake. 

Fe concentration within SQR9 colony biofilm was measured us-

ing inductively coupled plasma mass spectrometry (ICP-MS), 

with B. subtilis 3610 serving as a positive control. As anticipated, 

the biofilm-bound Fe concentrations of SQR9 and 3610 were 

4.7- and 9.6-fold higher, respectively, than their intracellular Fe 

concentrations (Figure 2A). To confirm whether Bacillus biofilms 

accumulate Fe on roots in situ, biofilm-bound Fe content was 

quantified on Arabidopsis roots after 7 days of colonization. 

SQR9-treated roots exhibited higher biofilm-bound Fe levels 

than 3610-treated roots (Figure S2A). Besides, μ-XRF mapping 

revealed increased Fe intensity on SQR9-colonized roots 

(Figures 2B and 2C), consistent with the superior colonization 

ability of SQR9 under the experimental conditions (Figure S2B).

To assess the correlation between SQR9 root colonization and 

Fe uptake, we evaluated 16 SQR9 mutants with varying plant 

colonization abilities (Figure 2D; Table S3). These mutants, defi-

cient in biofilm formation (ΔtasA, ΔepsD, ΔepsDΔtasA, ΔsinI, 

and Δspo0A), 45 Fe uptake (ΔfeuB and ΔyusV), 45 motility (ΔfliD, 

Δhag, ΔswrC, ΔflhO, and Δsfp), 46 and indole-3-acetic acid 

(IAA) biosynthesis (ΔysnE, ΔdhaS, ΔyhcX, and ΔyclC), 47 ex-

hibited a positive correlation between SQR9 root colonization 

and Fe uptake under the experimental conditions (Figure 2E). 

Both motility and IAA production by PGPR play a vital role in effi-

cient plant root colonization. 48,49

Further analyses indicated that ΔepsDΔtasA mutant, deficient 

in biofilm matrix production and root colonization (Figures S3A

and S3E), failed to enhance chlorophyll and Fe contents in plant 

leaves and roots (Figures 2F, 2G, 2I, 2J, S3C and S3D) but still 

significantly promoted plant growth (Figure 2H). Moreover, the 

biofilm-bound Fe concentration in ΔepsDΔtasA mutant was 

lower than that of SQR9 (Figure S3B). These results suggest 

that biofilm-bound Fe accumulation may be critical to SQR9-

mediated Fe uptake promotion, independently of other plant 

growth promoting effects.

Siderophore production and biofilm matrix formation are 

crucial for maintaining Fe homeostasis within Bacillus biofilms. 50 

We also evaluated the impact of ΔdhbA mutant, defective in the 

production of siderophore bacillibactin (BB), on plant Fe uptake. 

ΔdhbA mutant exhibited severe defect in biofilm formation and 

root colonization, similar to ΔepsDΔtasA mutant (Figures S3A 

and S3E). Moreover, the biofilm-bound Fe concentration in 

ΔdhbA mutant was lower than that of SQR9 (Figure S3B). This 

mutant also failed to enhance plant Fe uptake to the same extent 

as observed for SQR9 (Figures 2F, 2G, 2I, 2J, S3C and S3D). 

Notably, biofilm matrix plays an important role in Fe uptake by 

enhancing the efficiency of siderophore utilization. 50 These re-

sults suggest that the ability of SQR9 to promote plant Fe uptake 

is linked, in part, to its siderophore production.

Biofilm-bound Fe is essential for SQR9 to promote plant 

Fe uptake

To determine the specific role of biofilm-bound Fe in promoting 

plant Fe uptake, we constructed ΔabrBΔdhbA and ΔsinRΔdhbA 

double mutants by allelic exchange as previously described. 46 

ΔdhbA mutant exhibited poor biofilm formation and compro-

mised Fe accumulation within biofilms (Figures S3A and S3B). 

AbrB and SinR are key repressors of biofilm formation in Bacilli. 51 

Accordingly, ΔabrBΔdhbA and ΔsinRΔdhbA showed no signifi-

cant defects in biofilm biomass (Figures 3A and 3B), despite 

reduced Fe accumulation within biofilms due to defective cate-

cholate siderophore BB production (Figures 3C and 3D). Inter-

estingly, ΔabrBΔdhbA exhibited severe colonization defect, 

whereas ΔsinRΔdhbA remained a strong plant root colonizer 

(Figure 3E). Therefore, we evaluated the effect of ΔsinRΔdhbA 

on plant Fe uptake. As anticipated, ΔsinRΔdhbA failed to

Figure 2. A positive correlation can be observed between the ability of B. velezensis SQR9 to form biofilms on plant roots and its efficacy in 

enhancing plant Fe uptake

(A) Measurement of extracellular (biofilm-bound) and intracellular Fe concentrations for cells collected from colony biofilms of B. velezensis SQR9 and B. subtilis 

3610 on MSgg medium at 30 ◦ C for 48 h. Scale bar, 5 mm (n = 6).

(B) X-ray fluorescence mapping of Fe in Arabidopsis roots after 7 days of colonization by SQR9 and 3610. The color scale on the right shows the relative 

abundance of Fe. Scale bar, 1 mm.

(C) Quantification of fluorescence intensities in (B) by ImageJ (n = 6).

(D) Colonization of SQR9 and its derived mutants defective in motility, biofilm formation, Fe uptake, and IAA biosynthesis on Arabidopsis roots at 7 days post-

inoculation (n = 3).

(E) Correlation between the root colonization of SQR9 and the Fe content of Arabidopsis roots (F 1, 106 = 81.64, p < 0.001, R 2 = 0.4538). Fe content of Arabidopsis 

roots was indicated as the X-ray fluorescence intensity of Fe, which was normalized relative to that of the untreated control. The black line and the shaded area 

depict the best-fit trendline and the 95% confidence interval of the linear regression, respectively.

(F) Phenotypes of 7-day-old Arabidopsis seedlings grown with SQR9, ΔdhbA, and ΔepsDΔtasA for 7 days. Scale bar, 5 mm.

(G) Chlorophyll content (n = 6).

(H) Plant fresh weight (n = 6).

(I) X-ray fluorescence mapping of Fe in young leaves. The color scale on the right shows the relative abundance of Fe. Scale bar, 1 mm.

(J) Quantification of fluorescence intensities in (I) by ImageJ (n = 3).

Data are presented as mean ± SD. Different letters above the column indicate significant differences according to one-way ANOVA with Duncan’s multiple range 

test (p < 0.05).
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Figure 3. The siderophore bacillibactin within the biofilm, rather than the biofilm matrix or the colonization density of Bacillus cells, is critical 

for enhancing plant Fe uptake

(A) Pellicle biofilm and colony biofilm of SQR9 and its derived mutants in/on MSgg at 37 ◦ C for 48 h. Scale bars, 5 mm.

(B) Quantification of pellicle biofilms by dry weight (n = 6).

(C) Measurement of biofilm-bound Fe concentrations for cells collected from colony biofilms (n = 5).

(D) Production of the catecholate siderophore of SQR9 and its derived mutants in MKB medium at 37 ◦ C for 48 h (n = 4).

(E) Colonization of SQR9 and its derived mutants on Arabidopsis roots at 7 days post-inoculation (n = 4).

(F) X-ray fluorescence mapping of Fe in Arabidopsis roots after 7 days of colonization by SQR9 and ΔsinRΔdhbA. The color scale on the right shows the relative 

abundance of Fe. Scale bar, 1 mm.

(G) Quantification of fluorescence intensities in (F) by ImageJ (n = 3).

(H) Phenotypes of Arabidopsis seedlings grown with B. velezensis SQR9 and ΔsinRΔdhbA. Scale bar, 5 mm.

(legend continued on next page)
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accumulate Fe on roots in situ (Figures 3F and 3G) and did not 

enhance plant greenness (Figures 3H and 3I), but it still 

promoted plant growth (Figure 3J). These findings were compa-

rable to those observed for ΔepsDΔtasA and ΔdhbA mutants 

(Figures 2F–2H, S3C and S3D), indicating that biofilm-bound 

Fe, rather than biofilm matrices or bacterial colonization density, 

is critical for enhancing plant Fe uptake.

Plants absorb Fe from the root-associated biofilm

of SQR9

We further assessed whether SQR9 biofilm on roots serves as an 

Fe reservoir, making Fe more readily accessible to host plants. To 

test this hypothesis, we conducted three experiments using the 

stable isotope 57 Fe (Figures 4A–4C). First, biofilms enriched in 
57 Fe were transferred to Arabidopsis roots (Figure 4A). After

2 days, 57 Fe content in Arabidopsis seedlings increased by 

27.4% compared with the control, indicating that plants can 

absorb Fe from biofilms (Figure 4D). Next, biofilm-bound 57 Fe 

was extracted by sonication and centrifugation (Figure 4B). One 

chamber of the bipartite plate contained water agar to provide 

physical support for Arabidopsis shoots, and the other contained 

Hoagland solution with biofilm-bound 57 Fe to facilitate nutrient 

uptake by Arabidopsis roots. After 2 days of 57 Fe exposure, 
57 Fe content in Arabidopsis seedlings increased by 17.0% 

compared with the control, indicative of Fe absorption from the 

biofilm matrix (Figure 4E). Finally, Arabidopsis seedlings were 

colonized by SQR9, ΔepsDΔtasA, and ΔsinRΔdhbA mutants for

7 days in Hoagland solution containing 57 Fe and then transferred 

to Fe-free Hoagland solution (Figure 4C). After 2 days, the shoot 
57 Fe-increasing rates for seedlings colonized by SQR9, 

ΔepsDΔtasA, and ΔsinRΔdhbA mutants were 4.7-, 0.6-, and 

2.3-fold higher than in the control, respectively (Figure 4F). Alto-

gether, these findings indicate that plants utilize biofilms as an 

Fe reservoir to absorb Fe when SQR9 colonizes their roots.

SQR9 colonization activates Fe acquisition-related 

genes in Arabidopsis roots through siderophore 

production

To explore the mechanism through which SQR9 colonization en-

hances plant Fe acquisition, we performed RNA-seq to analyze 

gene expression in Arabidopsis roots colonized by SQR9 

(Figure S4A). Compared with the control, the expression of 

2,737 and 2,857 genes was upregulated and downregulated, 

respectively (false discovery rate < 0.05, fold change > 2; 

Figure S4B). Gene Ontology (GO) enrichment analyses in the mo-

lecular function category revealed that several differentially ex-

pressed genes (DEGs) were associated with heme binding, ion 

binding, catalytic activity, oxidoreductase activity, and Fe ion 

binding (Figure S4C), suggesting molecular-level modulation of 

plant Fe acquisition by SQR9 colonization. Specifically, we 

concentrated on the expression levels of DEGs involved in Fe ho-

meostasis (Figure S4D). The expression of key genes related to

Fe uptake, translocation, and regulation in roots was significantly 

upregulated by SQR9 colonization. In particular, the expression 

of IRT1 and FRO2 was upregulated by 45.3- and 16.2-fold, 

respectively, compared with the control (Figure S4D). Reverse 

transcription-quantitative PCR (RT-qPCR) approach confirmed 

these expression patterns, with the expression of IRT1 and 

FRO2 being upregulated by 64.4- and 10.2-fold, respectively, 

compared with the control (Figures 5A and S5). Moreover, the 

expression of coumarin biosynthesis genes (F6 ′ H1, COSY, 

S8H, and CYP82C4) was upregulated by over 2-fold (Figure S5). 

Furthermore, we analyzed IRT1 expression in the roots of 

seedlings expressing IRT1::H2B-2xmCherry. SQR9 colonization 

significantly enhanced IRT1::H2B-2xmCherry expression 

compared with the control, with a 2.8-fold increase in fluores-

cence intensity (Figures S6A and S6B). To further characterize 

the physiological responses of plants to SQR9 colonization, we 

measured ferric-chelate reductase (FCR) activity and fluorescent 

phenolic compound production. The FCR activity of SQR9-colo-

nized roots was 4.1-fold higher than that of the control 

(Figure S6C). In addition, fluorescent phenolic compound pro-

duction was significantly increased by 17.8-fold compared with 

the control (Figures S6D and S6E). These results aligned with 

the observed upregulation of the expression of IRT1, FRO2, 

and coumarin biosynthesis genes (Figure 5A). Altogether, these 

results suggest that SQR9 colonization activates Fe acquisition 

in plants by regulating strategy I Fe-deficiency responses. 

Siderophores can dissolve insoluble Fe and also trigger Fe-

deficiency responses in plants. 44,52,53 The catecholate sidero-

phore BB is critical for SQR9 to maintain Fe homeostasis and is 

continuously produced during biofilm formation. 45 We hypothe-

sized that BB triggers Fe-deficiency responses in plants when 

SQR9 colonizes roots through biofilm formation. To test this hy-

pothesis, we compared IRT1 and FRO2 expression levels in 

SQR9-, ΔdhbA-, ΔsinRΔdhbA-, and ΔepsDΔtasA-colonized 

roots using RT-qPCR. Activation of IRT1 and FRO2 expression 

was impaired in response to ΔdhbA and ΔsinRΔdhbA coloniza-

tion, while the expression of these Arabidopsis genes remained 

upregulated in response to ΔepsDΔtasA and SQR9 colonization 

(Figures 5B and S7D). Meanwhile, we analyzed IRT1 expression 

in the roots of seedlings expressing IRT1::H2B-2xmCherry when 

these GFP-labeled strains (including wild-type [WT] and mutants 

of SQR9) colonized the roots. Similar to SQR9-gfp, ΔepsDΔtasA-

gfp also significantly induced IRT1::H2B-2xmCherry expression, 

although its colonization ability was weaker. In contrast, 

ΔsinRΔdhbA-gfp exhibited a comparable colonization ability to 

SQR9-gfp, but it compromised the increasing effect on IRT1:: 

H2B-2xmCherry expression (Figures S7A–S7C). These findings 

were consistent with the RT-qPCR results (Figure 5B), indicating 

that BB, rather than the biofilm matrix or bacterial colonization 

density, induces Fe-deficiency responses in plants.

As purified BB was not available for our study, we used the 

catecholate siderophore enterobactin (ENT) to study its effects

(I) Chlorophyll content (n = 4).

(J) Plant fresh weight (n = 6).

Data are presented as mean ± SD. Different letters above the column indicate significant differences according to one-way ANOVA with Duncan’s multiple range 

test (p < 0.05).
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on the Fe-deficiency responses in plants. ENT and BB are struc-

turally similar, possess comparable binding affinities for ferric Fe, 

and share the biosynthesis precursor 2,3-dihydroxybenzoic acid 

(DHBA). 54,55 DHBA, which has a lower ferric ion-binding affinity 

than BB, is essential for biofilm formation. 33 RT-qPCR analysis 

showed that treatments with DHBA and ENT both activated 

IRT1 and FRO2 expression (Figures 5C and S7E). Moreover, 

IRT1 and FRO2 expression levels under ENT treatment were 

significantly higher than those under DHBA treatment. Next, 

we analyzed IRT1 expression in the roots of seedlings express-

ing IRT1::H2B-2xmCherry. After 1 day of treatment, IRT1::H2B-

2xmCherry expression was significantly induced in the roots 

under Fe-free conditions. However, there were no notable differ-

ences between treatments with 50 μM Fe(III)EDTA and 100 μM

Fe(III)EDTA (Figures 5D and 5E). Consistent with RT-qPCR 

results, the addition of DHBA and ENT to Hoagland solution 

containing 50 μM Fe(III)EDTA significantly upregulated IRT1:: 

H2B-2xmCherry expression compared with the control 

(Figures 5C–5E). Collectively, these results suggest that cate-

cholate siderophores play a critical role in activating plant’s Fe 

acquisition when SQR9 colonizes roots.

SQR9 colonization enhances Fe uptake in plants via 

reduction-based Fe uptake system

SQR9 colonization activated Fe uptake in plants by significantly 

upregulating IRT1 and FRO2 expression. To further elucidate the 

importance of these genes in SQR9 colonization-mediated plant 

Fe uptake, we utilized Arabidopsis mutants deficient in FRO2

Figure 4. Fe bound within the biofilm of B. velezensis SQR9 can be absorbed by A. thaliana

(A) Schematic representation of 57 Fe uptake from colony biofilms to plants.

(B) Schematic representation of 57 Fe uptake from colony biofilm matrices to plants.

(C) Schematic representation of 57 Fe uptake from biofilms on roots in situ to plants.

(D and E) 57 Fe content of the whole plant in (A) and (B), respectively (n = 3).

(F) The percentage of of 57 Fe content increase in plant shoots after 2 days of transfer in (C) (n = 3).

Data are presented as mean ± SD. Different letters above the column indicate significant differences according to Student’s t test (D and E) or one-way ANOVA 

with Duncan’s multiple range test (F) (p < 0.05).
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(fro2) and IRT1 (irt1), which are essential for ferric reduction and 

ferrous transport, respectively (Figures 5A and 6A). After 7 days 

of treatment, irt1 and fro2 mutants exhibited significantly 

reduced chlorophyll content compared with WT plants 

(Figure 6B), consistent with prior findings. 56 However, there 

was no difference in biomass between WT and mutant plants 

(Figure 6C). Unlike WT plants, SQR9 colonization failed to in-

crease chlorophyll content in fro2 plants (Figure 6B). In irt1 

plants, the effect of SQR9 colonization on chlorophyll content 

was attenuated (Figure 6B), suggesting the involvement of other 

Fe transport mechanisms. Interestingly, no difference was 

observed between WT and mutant plants in terms of promoting 

growth by SQR9 colonization (Figure 6C), indicating that SQR9

alleviates plant Fe deficiency independently of growth promo-

tion. Quantitative analysis of SQR9 populations on roots, per-

formed via CFU counting, revealed no significant differences in 

root colonization between of WT, irt1, and fro2 plants 

(Figure 6D). Altogether, these results indicate that SQR9 coloni-

zation-enhanced Fe uptake in plants is entirely dependent on 

FRO2 and partially on IRT1.

DISCUSSION

Bacteria biofilms, formed by microbial adherence via self-pro-

duced extracellular matrices, exhibit emergent properties 

compared with planktonic cells. 51 Biofilms play a critical role in

Figure 5. Catecholate siderophore, enterobactin (ENT), and the biosynthesis precursor of bacillibactin, 2,3-dihydroxybenzoic acid (DHBA) 

can specifically induce the expression of Fe acquisition-related genes in A. thaliana

(A) The relative fold change of classical Fe acquisition-related genes examined by RT-qPCR after 5 days of SQR9 colonization. The color scale represents the 

relative fold change of target gene expression. See also Figure S5.

(B) Relative expression of IRT1 in Arabidopsis roots in response to the colonization of SQR9, ΔdhbA, ΔsinRΔdhbA, and ΔepsDΔtasA measured by RT-qPCR 

(n = 4).

(C) Relative expression of IRT1 in Arabidopsis roots in response to 2,3-dihydroxybenzoic acid (DHBA) and enterobactin (ENT) measured by RT-qPCR (n = 4). Plant 

roots were collected after 24 h of treatment with or without 10 μmol/L siderophores, the concentration produced by B. subtilis during biofilm formation. 50

(D) Confocal microscopy images of IRT1::H2B-2xmCherry in the root maturation zone of 7-day-old Arabidopsis seedlings grown with or without siderophores for 

24 h. Scale bar, 100 μm.

(E) Quantification of fluorescence intensities in (D) by ImageJ (n = 5).

Data are presented as mean ± SD. Different letters above the column indicate significant differences according to one-way ANOVA with Duncan’s multiple range 

test (p < 0.05).
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plant health, contributing to diseases inhibition, 57 drought toler-

ance induction, 58 and mitigation of herbicide and heavy metal 

toxicity. 59,60 Herein, our findings highlight the importance of Ba-

cillus biofilms in promoting plant Fe uptake. We demonstrated 

that SQR9 biofilms contribute to plant Fe uptake by accumu-

lating Fe. Further experimentation confirmed that this process 

depends on siderophore production by SQR9 and the reduc-

tion-based Fe uptake system in plants. Field experiments indi-

cated that SQR9 significantly enhances crop yields in alkaline 

soils. Based on our results and previous knowledge, we propose 

a model illustrating how biofilm-forming SQR9 promotes plant Fe 

uptake in the rhizosphere (Figure 7). These findings broaden the 

application prospects of SQR9 as PGPR for future sustainable 

agriculture.

First, we observed that extracellular Fe concentrations were 

higher than intracellular Fe concentrations in SQR9 biofilms, 

similar to those in B. subtilis 3610 biofilms, indicating that 

SQR9 biofilms can accumulate Fe. This result is consistent 

with previous findings. 34 Extracellular Fe is essential as an elec-

tron acceptor for extracellular electron transfer in Bacillus bio-

films. 33 Moreover, biofilm-bound Fe alleviates Fe stress in micro-

organisms exposed to fluctuating Fe availability in natural 

environments. 34 Intriguingly, SQR9 biofilms were found to accu-

mulate Fe on roots in situ, suggesting that Bacillus biofilms on 

roots as an Fe reservoir, enhancing Fe accessibility for host 

plants. We confirmed a positive correlation between SQR9 

root colonization and root Fe content using various mutants 

of SQR9.

Plants secrete 11%–40% of photosynthesis-derived carbon 

into the rhizosphere as root exudates, which recruit beneficial 

bacteria to colonize the roots, alleviating stress-induced adverse

Figure 6. The Fe acquisition-related genes 

IRT1 and FRO2 in A. thaliana are both 

involved in the process by which 

B. velezensis SQR9 enhances plant Fe 

uptake

(A) Phenotypes of 7-day-old Arabidopsis seed-

lings grown with or without B. velezensis SQR9 for

7 days. Scale bar, 5 mm.

(B) Chlorophyll content (n = 3).

(C) Plant fresh weight (n = 6).

(D) Colonization of SQR9 on the roots of different 

Arabidopsis Fe uptake defective mutants at

7 days post-inoculation (n = 3).

Data are presented as mean ± SD. Statistical 

significances were determined by Student’s t test 

(B and C) or one-way ANOVA with Duncan’s 

multiple range test (D). *p < 0.05 and ***p < 0.001. 

ns, not significant.

effects on plant growth. 36 The root sur-

face is a highly active site for plant-

microbe interactions, facilitating nutrient 

exchange. Previous studies have shown 

that SQR9 effectively colonizes the roots 

of various plants, including Arabidop-

sis, 61 cucumber, 62 maize, 63 white lupin, 64 

and banana, 65 through biofilm formation. 

Using isotopic labeling, we demonstrated that plants absorb Fe 

from SQR9 biofilms colonizing their roots, suggesting that under 

Fe-deficient conditions, plants utilize biofilms as an Fe reservoir. 

Interestingly, a four-species bacterial consortium capable of 

synergistic biofilm production was reported to enhance drought 

tolerance in Arabidopsis, likely due to water retention by bio-

films. 58 Biofilm formation is also crucial for biological nitrogen fix-

ation and phosphorus solubilization in soil. 66,67 Colonization by 

biofilm-producing PGPR on roots leads to rhizosheath forma-

tion, helping plants to cope with water stress, and nitrogen and 

phosphorus deficiencies. 68 Apart from Fe, other metal ions, 

such as potassium, calcium, zinc, and manganese, accumulate 

in Bacillus biofilms, supporting bacterial metabolism and sporu-

lation. 69 Future studies are required to evaluate the potential ef-

fects of these elements on plant-microbe interactions and plant 

growth.

Next, we found that SQR9 colonization activates Fe acquisi-

tion in plants by regulating strategy I Fe-deficiency responses. 

In strategy I plants, including Arabidopsis, tomato, and cucum-

ber, Fe acquisition involves FRO2 and IRT1, which reduce Fe 

and transport it into the roots, respectively. 2,12,24 Furthermore, 

our results indicated that SQR9 colonization-enhanced Fe up-

take in Arabidopsis plants entirely depends on FRO2 and 

partially on IRT1. Homology analyses have identified several 

FRO2 genes in strategy II plants, such as rice, sorghum, and 

maize. 70 Nevertheless, the FCR activity in rice roots remains 

low and is not induced by Fe deficiency. 71 Although strategy II 

plants mainly utilize a chelation-based strategy for Fe uptake, 

rice, wheat, and maize also possess IRT1 genes, which facilitate 

Fe uptake and translocation. 72 We demonstrated that SQR9 pro-

motes Fe uptake in both strategy I and II plants in calcareous
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soils, indicating the universality of this effect. Further investiga-

tions are required to elucidate the precise molecular mecha-

nisms underlying SQR9-mediated Fe uptake in strategy II plants.

In addition to IRT1, NATURAL RESISTANCE-ASSOCIATED 

MACROPHAGE PROTEIN 1 (NRAMP1) may transport Fe 2+ into 

roots, 2 while its expression was significantly downregulated in 

SQR9-colonized roots. Furthermore, SQR9 colonization upregu-

lated the expression of IRT2, but IRT2 is not directly involved in 

external Fe uptake in Arabidopsis. 73 Besides the classical reduc-

tion-based strategy, Arabidopsis plants secrete Fe-mobilizing 

fluorescent phenolic compounds known as coumarins to 

improve Fe mobilization under Fe-limiting conditions. 11 A recent 

study has demonstrated that Fe 3+ -coumarin complexes can be 

taken up by plant roots through an IRT1-independent mecha-

nism. 74 Intriguingly, biofilm-bound Fe contains both Fe 3+ and 

Fe 2+ in nearly equal proportions. SQR9 colonization upregulated 

the expression of genes involved in coumarin biosynthesis 

(F6 ′ H1, COSY, S8H, and CYP82C4) and secretion (PDR9). 

More fluorescent phenolic compounds were also detected in 

root exudates of SQR9-colonized plants. It remains possible 

that coumarins may facilitate Fe transport from biofilms to plants. 

Similarly, previous studies have demonstrated that Bacillus sp. 

WR12, Azospirillum brasilense DSM-1843, and Paenibacillus 

polymyxa BFKC01 can significantly enhance the release of fluo-

rescent phenolic compounds in plants in response to Fe def-

ciency. 4,20,75 Further work is required to elucidate the potential 

role of coumarins in SQR9-mediated Fe uptake in plants.

Finally, our findings suggested that BB plays a critical role in 

activating plant Fe acquisition during SQR9 colonization. This 

activation likely results from the Fe-chelating capacity of sidero-

phores. 52,53 Similarly, BB produced by B. subtilis induces Fe 

mobilization responses in rice through YELLOW STRIPE-LIKE 

15 (YSL15), which transports the PS-Fe 3+ complex from the 

rhizosphere into roots. 76 While the concentration of BB pro-

Figure 7. A model illustrating how biofilm-

forming B. velezensis SQR9 promotes plant 

iron uptake in the rhizosphere

Bacillus biofilms on the roots can accumulate Fe 

from the environment by secreting siderophores. 

A large fraction of biofilm-bound Fe serves as the 

terminal electron acceptor in extracellular electron 

transfer. 33 Furthermore, plants are able to uptake 

Fe from the root-associated biofilm of SQR9. In 

addition, the siderophore bacillibactin enhances 

the Fe acquisition mechanisms in plants. Conse-

quently, Bacillus biofilms on the roots act as an Fe 

reservoir, thereby increasing Fe availability to the 

host plant. The figure was created with BioRender. 

com.

duced by Bacillus during biofilm forma-

tion in the MSgg medium has been quan-

tified, 50 its levels during root colonization 

by SQR9 remain unexplored. The coloni-

zation of PGPR on roots via biofilm for-

mation is markedly influenced by the 

abundance and composition of root exu-

dates, which vary across different root 

zones. 36 Therefore, the concentration of BB is likely to exhibit 

spatial heterogeneity in the rhizosphere. Moreover, the produc-

tion of BB by Bacillus is also modulated by Fe availability in the 

surrounding environment. 77 Siderophores have long been 

shown to enhance plant Fe nutrition by increasing Fe bioavail-

ability. 37,38 Intriguingly, plants possess the ability to exude fluo-

rescent phenolic compounds into the rhizosphere, which serve 

to recruit siderophore-producing microbes. This interaction sub-

sequently promotes plant Fe acquisition through microbial side-

rophores. 78 In addition, a pot experiment has demonstrated that 

BB from Bacillus strains promotes Fe absorption and plant 

growth in sesame. 79 Meanwhile, in silico analyses have revealed 

stronger binding affinity of BB-Fe 3+ complexes to YSL15 in rice 

than PS-Fe 3+ complexes, suggesting the potential role of 

YSL15 in the uptake of BB-Fe 3+ complexes. 80 Future studies 

should explore the potential of purified BB from Bacillus strains 

for Fe biofortification across diverse crops.

To summarize, we report that SQR9 accumulates Fe on roots 

through biofilm formation and activates plant Fe acquisition 

mechanisms through siderophore production. Fe in SQR9 bio-

films can be absorbed by plants, providing mechanistic insights 

into the molecular details underlying biofilm-forming PGPR-

mediated Fe uptake. Our findings also highlight the potential of 

PGPR with robust biofilm-forming and siderophore-producing 

abilities for Fe biofortification in sustainable agriculture.

Limitations of the study

Our results have shown that B. velezensis SQR9 biofilms accu-

mulate Fe on plant roots through the siderophore BB, thereby 

enhancing plant Fe nutrition. While BB simultaneously stimulates 

plant Fe acquisition mechanisms, this process is partially depen-

dent on IRT1. Therefore, further research is required to elucidate 

other mechanisms of Fe transport from biofilms to plants, such 

as coumarin-mediated Fe uptake. Additionally, we investigated
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the effect of BB on plant Fe acquisition using the siderophore 

ENT as a substitute. Further studies are needed to determine 

how BB stimulates plant Fe acquisition mechanisms and 

whether BB-Fe 3+ complexes can be directly absorbed and uti-

lized by plants.
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D., Mouille, G., Boutet, S., Soubigou-Taconnat, L., Renou, J.P., et al. 

(2014). Scavenging iron: A novel mechanism of plant immunity activation 

by microbial siderophores. Plant Physiol. 164, 2167–2183. https://doi. 

org/10.1104/pp.113.233585.

54. Dertz, E.A., Xu, J., Stintzi, A., and Raymond, K.N. (2006). Bacillibactin-

mediated iron transport in Bacillus subtilis. J. Am. Chem. Soc. 128, 

22–23. https://doi.org/10.1021/ja055898c.

55. Ollinger, J., Song, K.B., Antelmann, H., Hecker, M., and Helmann, J.D. 

(2006). Role of the Fur regulon in iron transport in Bacillus subtilis. 

J. Bacteriol. 188, 3664–3673. https://doi.org/10.1128/JB.188.10.3664-

3673.2006.

56. Harbort, C.J., Hashimoto, M., Inoue, H., Niu, Y., Guan, R., Rombolà , A.D., 
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STAR★METHODS

KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER

Bacterial and virus strains

B. velezensis SQR9 CGMCC, China 5808

Bacillus subtilis NCIB3610 Rizzi et al. 50 N/A

B. velezensis SQR9-gfp Sun et al. 61 N/A

B. velezensis SQR9-pUBXC Liu et al. 46 N/A

ΔtasA Xu et al. 45 N/A

ΔfeuB Xu et al. 45 N/A

ΔyusV Xu et al. 45 N/A

ΔsinI Xu et al. 45 N/A

Δspo0A Shao et al. 81 N/A

Δsfp Shao et al. 81 N/A

ΔflhO Yan et al. 82 N/A

ΔswrC Xu et al. 45 N/A

Δhag Xu et al. 45 N/A

ΔfliD Huang et al. 48 N/A

ΔdhaS Shao et al. 47 N/A

ΔyhcX Shao et al. 47 N/A

ΔysnE Shao et al. 47 N/A

ΔyclC Shao et al. 47 N/A

ΔdhbA This study N/A

ΔepsD This study N/A

ΔepsDΔtasA This study N/A

ΔabrBΔdhbA This study N/A

ΔsinRΔdhbA This study N/A

ΔdhbA-gfp This study N/A

ΔepsDΔtasA-gfp This study N/A

ΔsinRΔdhbA-gfp This study N/A

Chemicals, peptides, and recombinant proteins

Chloramphenicol Sigma-Aldrich C0378

Erythromycin Sigma-Aldrich E5389

Zeocin Sigma-Aldrich P9564

Spectinomycin Sigma-Aldrich S9007

2,3-Dihydroxybenzoic acid Sigma-Aldrich 126209

Enterobactin Sigma-Aldrich E3910

Ferrozine Sigma-Aldrich P9762

57 Fe ISOREAG 21B010-A3

Critical commercial assays

Plant RNA Kit Omega Bio-Tek R6827

HiScript II Q RT SuperMix for qPCR Vazyme Biotech R223

ChamQ SYBR Color qPCR Master Mix Vazyme Biotech Q411

Bacterial Genomic DNA Kit Sigma-Aldrich NA2120

Phanta Max Super-Fidelity DNA Polymerase Vazyme Biotech P505

Gel Extraction kit Omega Bio-Tek D2500

(Continued on next page)
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EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Strains, culture conditions, and mutant construction

Strains used in this study are listed in Table S3. B. velezensis strain SQR9 (China General Microbiology Culture Collection Center, 

CGMCC accession number 5808; NCBI genome sequence accession number CP006890) and B. subtilis NCIB 3610 were used 

throughout this study. All strains were grown at 30 ◦ C in lysogeny broth (LB, 10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl). 

When necessary, final concentrations of antibiotics were added as follows: 20 mg/L zeocin, 5 mg/L chloramphenicol, 100 mg/L spec-

tinomycin, 1 mg/L erythromycin. MSgg medium (5 mmol/L potassium phosphate, 100 mmol/L 3-(N-morpholino) propanesulfonic 

acid (MOPS), 2 mmol/L MgCl 2 , 700 μmol/L CaCl 2 , 50 μmol/L MnCl 2 , 50 μmol/L FeCl 3 , 1 μmol/L ZnCl 2 , 2 μmol/L thiamine, 0.5% glyc-

erol, 0.5% glutamate, 50 μg/mL tryptophan, 50 μg/mL phenylalanine, pH 7.0) was used for biofilm formation. The medium was so-

lidified with 1.5% agar. MKB medium (2.5 g/L K 2 HPO 4 ⋅3H 2 O, 2.5 g/L MgSO 4 ⋅7H 2 O, 15 mL/L glycerin, 5 g/L casamino acids, pH 7.2) 

was used to detect catecholate siderophore. Fermentation medium (60 g/L cornmeal, 30 g/L soybean meal, 10 g/L glucose, 5 g/L 

MgSO 4 ⋅7H 2 O, 15 g/L K 2 HPO 4 ⋅3H 2 O, pH 7.0) was used for the large-scale culture of SQR9 in the fermenter. Gene deletion mutants 

were constructed by an allelic exchange method as described previously. 46 Primers used for PCR in this study are listed in Table S4. 

The Escherichia coli-Bacillus shuttle vector, pNW33n-gfp, was introduced into the competent cells of SQR9 mutants to construct 

GFP-labeled strains. 48

Plant materials and growth conditions

Arabidopsis thaliana accession Col-0 was used as the wild type in this study. The marker line IRT1::H2B-2xmCherry, 83 and the mutant 

lines irt1, 84 and fro2, 84 were used in this study. For all experiments, Arabidopsis seeds were surface sterilized with 2% (v/v) NaClO for 

10 min and sown on 1/2 Murashige and Skoog (MS) medium with 2% (w/v) sucrose and 1% agar in square Petri dishes (13 × 13 cm). 

After stratification at 4 ◦ C for 2 d, the Petri dishes were positioned vertically and grown under 16 h light and 8 h dark cycles with a light 

intensity of 100 μmol/m 2 /s at 22 ◦ C. 1/2 Hoagland medium (5 mmol/L KNO 3 , 2 mmol/L MgSO 4 , 2 mmol/L Ca(NO 3 ) 2 , 2.5 mmol/L 

KH 2 PO 4 , 70 μmol/L H 3 BO 3 , 14 μmol/L MnCl 2 , 1 μmol/L ZnSO 4 , 0.5 μmol/L CuSO 4 , 10 μmol/L NaCl, 0.2 μmol/L Na 2 MoO 4 , 

4.7 mmol/L MES, 1% sucrose, pH 5.5) with different concentrations of Fe(III)EDTA was used for plant-bacteria co-cultivation. 1/2 

Hoagland medium was solidified with 1% agar.

Continued

REAGENT or RESOURCE SOURCE IDENTIFIER

Deposited data

B. velezensis strain SQR9 genome sequence Zhang et al. 63 CP006890

Root transcriptomics responses to SQR9 

colonization

This study PRJNA1083752

Experimental models: Organisms/strains

Arabidopsis: wild type (Col-0) Li et al. 41 N/A

Arabidopsis: IRT1::H2B-2xmCherry Marquè s-Bueno et al. 83 N/A

Arabidopsis: irt1 Alonso et al. 84 SALK_097869

Arabidopsis: fro2 Alonso et al. 84 SALK_200098

Oligonucleotides

Primers are listed in Table S4 This paper N/A

Recombinant DNA

Plasmid: pNW33n-gfp Huang et al. 48 N/A

Software and algorithms

ImageJ NIH https://imagej.nih.gov/ij/

Data Processing System 7.05 Hangzhou RuiFeng Information Technology http://www.dpsw.cn/

GraphPad Prism 10.1.2 GraphPad Software https://www.graphpad.com/

Biorender Biorender https://app.biorender.com/

Other

Microplate reader Molecular Devices SpectraMax i3x

Chlorophyll meter Konica Minolta SPAD-502 Plus

Real-Time PCR System Applied Biosystems StepOnePlus

Confocal laser scanning microscope Leica TCS SP8

Inductively coupled plasma mass spectrometry Thermo Scientific iCAP Q

X-ray fluorescence spectrometer Bruker M4 TORNADO

Cell Reports 44, 116481, November 25, 2025 17

Article
ll

OPEN ACCESS

https://imagej.nih.gov/ij/
http://www.dpsw.cn/
https://www.graphpad.com/
https://app.biorender.com/


Pot experiments were conducted in the greenhouse at Nanjing Agricultural University from December 2023 to January 2024. The 

calcareous soil was collected from a field site located in Suzhou, Anhui Province, China (116.367 ◦ E, 34.443 ◦ N) and had the following 

properties: pH 8.1, CaCO 3 361.6 g/kg, organic matter 10.5 g/kg, available N 107 mg/kg, available P 13.9 mg/kg, available K 

156 mg/kg and available Fe 8.4 mg/kg. Rice (Oryza sativa cv. Nipponbare), cucumber (Cucumis sativus cv. Jinchun No. 4), and maize 

(Zea mays cv. Zhengdan 958) were cultivated in pot experiments. 12 rice seeds, 3 cucumber seeds and 5 maize seeds were respec-

tively sown in a pot (12 cm × 10 cm × 8 cm) with 0.5 kg of calcareous soil. After germination, 10 rice seedlings, 1 cucumber seedling 

and 3 maize seedlings with similar growth status were respectively maintained in each pot through thinning. B. velezensis SQR9 was 

cultured for 24 h in LB medium at 30 ◦ C and 170 rpm. The cultures were centrifuged at 6000 rpm for 5 min, and cells were re-sus-

pended in 0.3% NaCl to an OD 600 of 1.0 (approximately 10 8 CFU/mL). The bacterial suspension was further autoclaved at 121 ◦ C 

for 20 min to obtain the heat-killed bacterial suspension. 7-day-old seedlings were inoculated with the bacterial suspension on 

the soil around each plant root (50 mL/pot). Control pots were treated with an equal volume of the heat-killed bacterial suspension. 

Hoagland nutrient solution without Fe (50 mL/pot) was used once a week in order to avoid the other nutrient deficiencies. Plants were 

grown for another 30 days at 30 ◦ C with a 16-h light/8-h dark photoperiod. Every treatment included 12 replicates.

Field experiments were conducted at ten sites across five provinces in northern China. The soils at these sites are generally alka-

line. Detailed soil physicochemical properties for each site are provided in Table S1. The cultivated areas for the crops ranged from

2 ha to 120 ha (Table S2). Seven crops were included in the field experiments: tomato (Lycopersicon esculentum cv. Liger 87-5), culti-

vated in Tacheng (82 ◦ 58 ′ E, 46 ◦ 12 ′ N) and Bozhou (82 ◦ 30 ′ E, 44 ◦ 51 ′ N), Xinjiang; cotton (Gossypium hirsutum cv. Xinluzao 84), culti-

vated in Karamay (84 ◦ 53 ′ E, 45 ◦ 34 ′ N), Xinjiang; sunflower (Helianthus annuus cv. SH363), cultivated in Altay (87 ◦ 52 ′ E, 46 ◦ 41 ′ N), 

Xinjiang; baby cabbage (Brassica pekinensis cv. Yulinglong), cultivated in Zhangye (100 ◦ 26 ′ E, 38 ◦ 55 ′ N), Gansu; pepper (Capsicum 

annuum cv. Honggui 218), cultivated in Hengshui (115 ◦ 40 ′ E, 37 ◦ 44 ′ N), Hebei; wheat (Triticum aestivum cv. Xindong 53), cultivated in 

Yili (81 ◦ 31 ′ E, 43 ◦ 58 ′ N) and Changji (87 ◦ 16 ′ E, 44 ◦ 00 ′ N), Xinjiang; wheat (Triticum aestivum cv. Jinmai 92), cultivated in Yuncheng 

(111 ◦ 00 ′ E, 35 ◦ 01 ′ N), Shanxi; and maize (Zea mays cv. Zhengdan 958), cultivated in Tieling (123 ◦ 43 ′ E, 42 ◦ 13 ′ N), Liaoning. Wheat 

was cultivated from autumn 2022 through summer 2023, while baby cabbage was cultivated in autumn 2023. The other crops were 

cultivated from spring to autumn 2023. The large-scale culture of SQR9 was carried out in a 100-ton fermenter for 48 h at 35 ◦ C and 

160 rpm. The cultures were centrifuged to concentrate cells, followed by spray drying to obtain a solid bacterial powder (approxi-

mately 10 9 CFU/g). The spray drying conditions were set as follows: the inlet air temperature of 130 ◦ C, and outlet temperature of 

80 ◦ C. Bacterial powder was dissolved and diluted in water, then irrigated into crop rhizosphere at the seedling stage with the usage 

of 150 kg/ha. The same amount of water was irrigated as controls. Field experiments were managed according to local conventional 

tillage, including irrigation, fertilization, and pesticide application. Crop yield was expressed as tonnes per hectare (t/ha). Yield pro-

motion was indicated as yield increase rate relative to control treatment.

METHOD DETAILS

Plant-bacteria co-cultivation

Bacteria were cultured overnight in LB medium at 30 ◦ C and 170 rpm. Bacterial cultures were centrifuged at 6000 rpm for 5 min, and 

cells were washed twice and re-suspended in 10 mmol/L MgSO 4 to an OD 600 of 1.0 (approximately 10 8 CFU/mL) or 0.001. For the co-

cultivation on solid culture medium, 7-day-old Arabidopsis seedlings were transferred to Hoagland agar medium (13 cm × 13 cm 

plate size) and inoculated by applying 2 μL of the bacterial suspension (OD 600 = 0.001) or 10 mmol/L MgSO 4 halfway down each 

root. For the co-cultivation in liquid culture medium, 7-day-old Arabidopsis seedlings were placed on the medium of bipartite plates 

(90 mm in diameter). To ensure that only the roots but not sprouts or leaves provided surface for colonization, one chamber of the 

Petri dish contained 10 mL of water agar to provide physical support for plant shoots, and the other contained 10 mL of Hoagland 

solution with 10 μL of the bacterial suspension (OD 600 = 1.0) or 10 mmol/L MgSO 4 . After inoculation, plates were sealed with Parafilm 

and incubated in a growth chamber at 22 ◦ C. Every treatment included three replicates.

Leaf chlorophyll measurement

Chlorophyll content from Arabidopsis leaf was measured as described previously. 56 In brief, chlorophyll was extracted by adding

1 mL of DMSO per 30 mg of leaf tissue and incubating samples for 45–60 min at 65 ◦ C. After cooling to room temperature, the absor-

bance of the supernatant at 652 nm was measured using a SpectraMax i3x microplate reader (Molecular Devices, USA). Total chlo-

rophyll (mg/g FW) = OD 652 × Volume DMSO /Input FW /34.5. Every treatment included at least three replicates. Chlorophyll content in the 

youngest fully expanded leaves of cucumber, rice and maize was measured using an SPAD-502 Plus chlorophyll meter (Konica Min-

olta, Japan). Every treatment included 12 replicates.

Root colonization assay

Colonization of Arabidopsis roots was performed according to a modified protocol from Sun. 61 In brief, roots were washed three 

times with 10 mmol/L MgSO 4 to remove non-attached cells, then transferred to 2 mL Eppendorf tubes containing 1 mL of 

10 mmol/L MgSO 4 . Cells were detached by sonication at 30% amplitude for 1 min with a 1 s pulse and 1 s pause (ATPIO-1000D, 

Nanjing Xianou, China). The resulting cell suspension was diluted and plated on LB agar media to determine the number of col-

ony-forming unit (CFU) per mm of root. Every treatment included three replicates.
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Biofilm formation assay

The biofilm formation assay was performed as previously described. 61 Strains were cultured overnight in LB medium at 30 ◦ C and 

170 rpm. Bacterial cultures were centrifuged at 6000 rpm for 5 min, and cells were washed and re-suspended in MSgg medium 

to an OD 600 of 1.0. To observe colony biofilm, 2 μL of suspension was spotted on MSgg medium solidified with 1.5% agar. The plates 

were incubated at 30 ◦ C or 37 ◦ C for the indicated time. To observe pellicle biofilm, 20 μL of suspension was cultivated in 2 mL of MSgg 

medium in a microtiter plate well. The microtiter plates were incubated statically at 30 ◦ C or 37 ◦ C for the indicated time. Every treat-

ment included six replicates.

Arnow assay

The catecholate siderophore in bacterial culture supernatant was measured using the Arnow assay. 85 Briefly, the overnight bacterial 

cultures were centrifuged at 6000 rpm for 5 min, and cells were washed and re-suspended in 10 mmol/L MgSO 4 to an OD 600 of 1.0. 

We then transferred 200 μL of the bacterial suspension into 20 mL of MKB medium. After 48-h incubation at 30 ◦ C and 170 rpm, the 

cell-free supernatant was harvested by centrifugation (12000 rpm, 5 min at 4 ◦ C) and filtration (using a 0.22 μm filter). Then, 0.5 mL of 

cell-free supernatant was added to 0.5 mL of 0.5 mol/L HCl and 0.5 mL of reagent containing 10 g each of NaNO 2 and Na 2 MoO 4 ⋅2H 2 O 

in 100 mL water. After the formation of the yellow color, 0.5 mL of 1 mol/L NaOH was added, resulting in the generation of the red 

color. In the presence of catecholate siderophore, this solution has an absorption maximum at 510 nm. 2,3-dihydroxybenzoic acid 

(DHBA) was used as a standard for catecholate siderophore.

Iron quantification

For the quantification of iron in biofilms, the colony biofilms were collected in 4 mL of 10 mmol/L MgSO 4 with pipette tips after incu-

bation at 30 ◦ C for the indicated time. Samples were then mildly sonicated as described in the root colonization assay. The resulting 

cell suspensions were diluted and plated on LB agar medium to determine the cell numbers, then centrifuged at 14000 rpm for 1 min. 

The supernatants were ready for the quantification of extracellular (biofilm-bound) iron. 33 Cells after centrifugation were washed once 

with MgSO 4 and EDTA (10 mmol/L and 0.1 mol/L), then washed twice with 10 mmol/L MgSO 4 . Finally, cells were digested with HNO 3 
at 65 ◦ C for 45 min. The resultant solutions were ready for the quantification of intracellular iron. 50 All samples were analyzed by induc-

tively coupled plasma mass spectrometry (ICP-MS; iCAP Q, Thermo Scientific, USA). Iron concentration was indicated as molar per 

cell. Every treatment included six replicates.

The levels of extracellular Fe 2+ and Fe 3+ in colony biofilm were measured using a ferrozine assay. 86 Every treatment included four 

replicates. For the quantification of biofilm-bound iron on roots in situ, roots were collected after colonization for 7 days and rinsed 

three times with 10 mmol/L MgSO 4 to remove adhered iron, then transferred to 10 mL collection tubes containing 4 mL of 10 mmol/L 

MgSO 4 . Samples were sonicated as described in the root colonization assay, then centrifuged at 14000 rpm for 1 min. Root fresh 

weights were recorded immediately after removing the free surface moisture with filter paper. The supernatants were measured using 

a ferrozine assay. 86 Iron content was indicated as micrograms per gram of root fresh weight. Every treatment included three

replicates.

The active iron in plants was measured as described previously. 87 In brief, plant materials were chopped and mixed with 1 mol/L

HCl at a 1:10 ratio (v/v). The mixture was shaken for 5 h at 150 rpm and then filtered with 0.22 μm filter. The iron concentration was

measured by ICP-MS (iCAP Q, Thermo Scientific, USA). Every treatment included at least three replicates.

Micro-X-ray fluorescence

Roots and leaves were sampled after co-cultivation for 7 days and washed with deionized water three times, then attached carefully 

to Kapton tape. The high-resolution distribution of Fe in the samples was analyzed by a micro X-ray fluorescence (μ-XRF) spectrom-

eter (M4 TORNADO, Bruker, Germany). The X-ray tube voltage was 50 kV, and the tube current was 600 μA. Maps were acquired 

using a 20 μm spot size and 50 μm spot distance with a dwell time of 2 ms per pixel under vacuum. The color scale was adopted 

to visualize the distribution of Fe in the maps. A brighter color indicated a higher concentration of the element in the maps. The relative 

Fe content in the samples was indicated as relative fluorescence intensity quantified using ImageJ (v.1.53). Every treatment included 

three replicates.

57 Fe uptake experiment

In order to determine whether the iron in the biofilm might be absorbed by plants, three different experiments were carried out using 

the 57 Fe isotope. 57 Fe metal (95%, ISOREAG, China) was dissolved in 1 mol/L HCl in an ultrasonication bath to a final concentration of

1 mg/mL. For the 57 Fe uptake from colony biofilms to plants. B. velezensis SQR9 was inoculated on MSgg agar with 57 Fe and grown at 

30 ◦ C for 48 h to form the colony biofilms accumulating 57 Fe. 7-day-old Arabidopsis seedlings were grown for 10 days in Fe-free 

Hoagland agar. Four colony biofilms accumulating 57 Fe were transferred to each root using sterile pipette tips. After 2 days of treat-

ment, Arabidopsis seedlings were collected for ICP-MS measurement of 57 Fe content. For the 57 Fe uptake from the colony biofilm 

matrices to the plants. Biofilm-bound 57 Fe was extracted from the colony biofilms accumulating 57 Fe with deionized water as 

described in iron quantification. 7-day-old Arabidopsis seedlings were grown for 10 days in Fe-free Hoagland agar. Arabidopsis 

seedlings were subsequently transferred to bipartite plates as described in the co-cultivation in liquid culture medium. One chamber 

of the Petri dish contained water agar, and the other contained Hoagland solution with biofilm-bound 57 Fe extracts at a 1:3 ratio (v/v).
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After 2 days of treatment, Arabidopsis seedlings were collected for ICP-MS measurement of 57 Fe content. For the 57 Fe uptake from 

biofilms on the roots in situ to plants. 7-day-old Arabidopsis seedlings were colonized by B. velezensis SQR9 for 7 days in Hoagland 

with 57 Fe as described in the co-cultivation in liquid culture medium. Subsequently, the previously colonized Arabidopsis seedlings 

were carefully washed with deionized water to remove non-colonizing cells and iron contamination from the medium. Arabidopsis 

seedlings with B. velezensis SQR9 pre-colonization were transferred to bipartite plates as described in the co-cultivation in liquid 

culture medium. One chamber of the Petri dish contained water agar, and the other contained Fe-free Hoagland solution. Plant 

shoots were collected for ICP-MS measurement of 57 Fe content after 0 and 2 days of transfer. All samples were soaked in

5 mmol/L CaSO 4 and 10 mmol/L EDTA mixed solution for 5 min and then rinsed with deionized water three times to remove surface 

adhered Fe before ICP-MS measurement. Every treatment included three replicates.

RNA sequencing

After co-cultivation for 5 days, Arabidopsis roots were carefully collected in liquid nitrogen, and the total RNA was extracted using the 

Plant RNA Kit (R6827, Omega Bio-Tek, USA) according to the manufacturer’s protocol. RNA quality was assessed on an Agilent 2100 

Bioanalyzer (Agilent Technologies, Palo Alto, USA). The cDNA library was sequenced using Illumina Novaseq 6000 by Gene Denovo 

Biotechnology Co. (Guangzhou, China). Clean reads were filtered by Fastp (version 0.18.0) and mapped to the reference genome 

using HISAT 2.2.4. RNA-Seq data were normalized to FPKM (fragment per kilobase of transcript per million mapped reads). RNA 

sequencing data were deposited in the NCBI Sequence Read Archive (SRA) with the accession number PRJNA1083752. RNA dif-

ferential expression analysis was performed by DESeq2 software between two different groups. 88 The genes with the parameter of 

false discovery rate (FDR) below 0.05 and absolute fold change >2 were considered differentially expressed genes (DEGs).

RT‒qPCR

To measure the effect of B. velezensis SQR9 colonization on the expression of Fe acquisition-related genes, Arabidopsis roots were 

carefully collected in liquid nitrogen after co-cultivation for 5 days. To measure the effect of siderophores on the expression of Fe 

acquisition-related genes, 7-day-old Arabidopsis seedlings were grown in Hoagland solution with or without 10 μmol/L siderophores. 

After treatment for 24 h, Arabidopsis roots were carefully collected in liquid nitrogen. Total RNA was extracted using the Plant RNA Kit 

(R6827, Omega Bio-Tek, USA). 500 ng of total RNA was reversely transcribed into cDNA by the HiScript II Q RT SuperMix kit (Vazyme 

Biotech, China). RT-qPCR was performed on a StepOnePlus Real-Time PCR System (Applied Biosystems, USA) using ChamQ SYBR 

qPCR Master Mix (Vazyme Biotech, China). The PCR program was as follows: cDNA was denatured for 30 s at 95 ◦ C, followed by 40 

cycles of denaturation at 95 ◦ C for 10 s, and annealing at 60 ◦ C for 30 s. PP2AA3 (At1g13320) was used as the reference gene. The 

primers were provided in Table S4. The 2 − ΔΔCt method was used to analyze the real-time PCR data. 89 Every treatment included four 

replicates.

Ferric chelate reductase activity

Ferric chelate reductase (FCR) activity was examined as described previously. 17 Roots were washed with deionized water three 

times, then incubated in the assay solution containing 0.1 mmol/L Fe(III)EDTA and 0.3 mmol/L ferrozine in the dark for 1 h. The absor-

bance of the assay solutions was recorded at 562 nm. Reduction rates were determined by the formation of the complex Fe(II)-fer-

rozine based on an extinction coefficient of 28.6 mmol/L/cm. Every treatment included four replicates.

Visualization and quantification of fluorescent phenolic compounds

Hoagland solution was collected after co-cultivation for 5 days and centrifuged at 14000 rpm for 1 min 200 μL of the supernatant was 

transferred into a 96-well microplate. Fluorescent phenolic compounds were observed after excitation with 365-nm UV light. Fluo-

rescent phenolic compounds (excitation at 360 nm; emission at 528 nm) were measured using a SpectraMax i3x microplate reader 

(Molecular Devices, USA). 20 Every treatment included six replicates.

Confocal laser scanning microscopy

To observe the colonization of B. velezensis SQR9-gfp and the expression of IRT1::H2B-2xmCherry, roots were sampled and washed 

gently with deionized water three times, then observed using a confocal laser scanning microscope (TCS SP8; Leica, Germany). The 

excitation/emission wavelengths were 488 nm/507 nm for GFP, and 587 nm/610 nm for mCherry. Quantification of fluorescence in-

tensities was analyzed using ImageJ (v.1.53). Every treatment included four replicates.

QUANTIFICATION AND STATISTICAL ANALYSIS

Each experiment was performed at least three times. Data are presented as mean ± standard deviation (SD). Significant differences 

between treatments were analyzed by Student’s t test or one-way analysis of variance (ANOVA) followed by Duncan’s multiple range 

test (p < 0.05) using the Data Processing System 7.05 (Hangzhou RuiFeng Information Technology Co., Ltd., China). Detailed statis-

tical analyses were described in the figure legends. Plotting was performed with GraphPad Prism 10.1.2 (GraphPad Software, USA).
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