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Abstract: [Objective] The survival mechanisms of aerobic methylotrophs in oxygen-deficient
environments represent a focal topic in current microbial ecology. This study aims to investigate
the extracellular electron transfer (EET) mechanism by which the aerobic methylotroph
Methylophilus sp. 14 utilizes insoluble iron minerals (ferrihydrite) under oxygen-deficient
conditions and to elucidate the synergistic role of exogenous and endogenous electron shuttles in
this process. [Methods] Anaerobic culture (initial O, level: 2%) of Methylophilus sp. 14 isolated
from sediments of Fuxian Lake was conducted with methanol as the carbon source and ferrihydrite
as the sole terminal electron acceptor. Iron reduction kinetics were measured along with
electrochemical analyses (differential pulse voltammetry and cyclic voltammetry) and microscopic
characterization (scanning/transmission electron microscopy) to systematically evaluate the iron-
reducing capacity of the strain and explore the roles of exogenous shuttles (humic substances, HS;
anthraquinone-2,6-disulfonate, AQDS) and endogenous flavins in electron transfer. [Results]
Methylophilus sp. 14 coupled methanol oxidation with ferrihydrite reduction, increasing the Fe(II)
concentration from 0.49 umol/L to 8.29 pmol/L within 20 days and promoting the partial
transformation of ferrihydrite into magnetite. Exogenous addition of HS and AQDS further
enhanced Fe(Il) production to 10.73 pumol/L and 11.22 pmol/L, respectively, improving the
cumulative electron transfer efficiency by approximately 1.5 folds. Electrochemical analyses
indicated that the redox potential of the bacterial cells was lower than that of ferrihydrite,
thermodynamically favoring spontaneous electron transfer. Soluble AQDS formed a conductive
microenvironment that accelerated electron flux. Notably, this study first revealed that
Methylophilus sp. 14 synthesized and secreted flavins, whose extracellular concentration showed a
strong positive correlation with the EET rate (»=0.94, P<0.001). Furthermore, exogenous shuttles
stimulated increases of 30%—50% in total flavin secretion. Flavins functioned as a critical electron
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bridge, mediating electron transfer from intracellular metabolism to exogenous shuttles and thereby
establishing a cooperative electron transport chain. [Conclusion] This work reveals a novel EET
strategy employed by aerobic methylotrophs to adapt to oxygen-deficient conditions. That is,
exogenous electron shuttles not only construct an extracellular conductive microenvironment but
also stimulate the secretion of endogenous flavins, resulting in a synergistic electron transfer
mechanism that efficiently drives the reduction of solid-phase iron minerals. These findings deepen
our understanding of the metabolic flexibility of aerobic microorganisms and their ecological role
at aerobic-anerobic interfaces.

Keywords: aerobic methylotroph; anaerobic survival strategy; iron reduction; extracellular electron

transfer; electron shuttle
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Figure 1

Electrochemical analysis of redox properties of Methylophilus sp. 14, ferrihydrite, and AQDS. A: Differential

pulse voltammetry of Methylophilus sp. 14; B: Differential pulse voltammetry of ferrihydrite; C: Differential pulse
voltammetry of AQDS; D: Schematic of the electron flow between Methylophilus sp. 14 and ferrihydrite.
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Figure 2 Methanol-dependent reduction of ferrihydrite by Methylophilus sp. 14. A: Dynamics of accumulation

of Fe(Il) (linear graph) and variation of CO, concentration (histogram); B: SEM of ferrihydrite before iron
reduction process; C: SEM of ferrihydrite after iron reduction process; D: Transmission electron microscope
images of ferrihydrite at 200 nm after reaction (red arrows indicate aggregated iron oxide particles); E: HRTEM

characterization of iron minerals during the iron reduction; F: SAED characterization of iron minerals during the

iron reduction.
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Figure 3 Role of AQDS and humic substances (HS) in iron reduction. A: Dynamics of accumulation of Fe(Il)

involving AQDS and humus (histogram) and variation of CO, concentration (linear graph); B: Number of

electrons transferred in iron reduction.
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Figure 6 Proposed extracellular electron transfer (EET) mechanism in aerobic methylotrophs under hypoxia.

Schematic diagram of extracellular electron transfer strategy of aerobic methylotrophs under hypoxia stress.

Exogenous electron shuttles form a “conductive zone” around microorganisms and stimulate the production of

endogenous electron shuttle flavin. Flavin acts as an “electron bridge”, transferring intracellular electrons to the

extracellular environment and enhancing extracellular electron transfer processes.
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