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Diverse roles of a siderophore in a plant-growth promoting methylotroph, Methylobacterium
aquaticum strain 22A
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Methylobacterium species are facultative methylotrophic bacteria predominant in the phyllosphere. They have been
identified as plant growth—promoting bacteria although their actual mechanism has not been well investigated. On the
other hand, they have two methanol dehydrogenases, MxaF and XoxF, which are dependent on either calcium or
lanthanides (Lns) as cofactor, respectively. Lns exist as insoluble minerals in nature, and their solubilization and uptake
is proposed to require a siderophore-like substance (lanthanophore). This study aimed to reveal the roles of siderophore
in Methylobacterium aquaticum strain 22A in Ln uptake, bacterial physiology, and plant growth promotion.

The strain 22A genome contains an eight-gene cluster putatively encoding staphyloferrin B (sbn)-like siderophore. The
growth of AsbnCF was complemented with citrate or spent medium of the wild type of strain 22A or other strains of the
genera, suggesting that the gene cluster is indeed involved in siderophore synthesis. The plant growth promotion effect
was prominent in low iron conditions for duckweed and Arabidopsis thaliana. AsbnCF mutant failed to promote the
growth, the plant iron content was increased by the wild type strain 22A and significantly reduced by AsbnCF treatment.
Hence, the plant growth promotion effect by strain 22A was partly explained by siderophore that can assist plant in iron
acquisition under iron depleted condition. The culture supernatant of the strain 22A wild type could solubilize insoluble
Ln oxide (LayO3) as opposed to the mutant spent media. The promoter of shbnd was activated by the presence of high
concentration of LaCls (90 uM) under 5 uM FeSOs, suggesting that LaCl; created iron scarcity, increasing the need for
siderophore synthesis. AmxaF can grow on methanol only in the presence of Ln, due to intact XoxF. Importantly,
AsbnCF and AmxaFAsbnCF could not grow on methanol, suggesting the critical role of the siderophore in
methylotrophy. Interestingly, siderophore was not required for methylotrophic growth in the presence of citrate but was
indispensable as a lanthanophore in the absence of citrate. Citrate also chelates Ln for uptake in strain 22A. The sbn
siderophore also plays a role in maintaining cellular Ln homeostasis based on the overactivation of xoxF promoter in
the presence of LaCl; in a sbn siderophore mutant. Furthermore, this study showed the siderophore is involved in biofilm
formation, mitigation of hydrogen peroxide, heavy metal tolerance of strain 22A. In silico analysis revealed the existence
of diverse types of siderophore synthesis genes among Methylobacterium species. Some types of siderophore are
distinctly conserved in phylogenetic clades. Co-inoculation of 58 Methylobacterium type strains with AsbnCF resulted
in growth restoration by 21 strains, suggesting that siderophores may be exchangeable among the Methylobacterium
species in the ecosystem. Among 12 genes for TonB-dependent receptors (TBDRs), the ones for the sbn siderophore—
iron complex, iron citrate, and Ln were identified. The fonB_Ln was found to be involved in Ln transport, and its
expression is repressed in the presence of high concentration of Ln. Methylobacterium type strains contain diverse types
of TBDRs. Methylorubrum species have an exclusive TBDR for Ln uptake that have been identified as LutH in M.
extorquens strain AM1, while TonB_Ln identified in this study in strain 22 A was randomly conserved across the species.
The TonB_sbn was discovered to be homologous to TonB_LCC of strain AM1 and 52 others in other Methylobacterium
genomes.

This study identified the genes for a carboxylate-type siderophore in strain 22A. The siderophore plays important roles
in plant growth promotion, methylotrophy, iron and Ln chelation, and bacterial physiology. This study also contributed
toward expanding the knowledge the diversity of siderophore and TBDRs in Methylobacterium species.
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