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Microbial vanadate (V(V)) reduction is a key process for environmental geochemistry and detoxifica-
tion of vanadium (V). However, the electron transfer pathways and V isotope fractionation involved in 
this process are not yet fully understood. In this study, the V(V) reduction mechanisms with concomi-
tant V isotope fractionation by the Gram-positive bacterium Bacillus subtilis (B. subtilis) and the Gram-
negative bacterium Thauera humireducens (T. humireducens) were investigated. Both strains could 
effectively reduce V(V), removing (90.5% ± 1.6%) and (93.0% ± 1.8%) of V(V) respectively from an 
initial concentration of 50 mg L 1 during a 10-day incubation period. V(V) was bioreduced to insol-
uble vanadium (IV), which was distributed both inside and outside the cells. Electron transfer via 
cytochrome C, nicotinamide adenine dinucleotide, and glutathione played critical roles in V(V) 
reduction. Metabolomic analysis showed that differentially enriched metabolites (quinone, biotin, 
and riboflavin) mediated electron transfer in both strains. The aqueous V in the remaining solution 
became isotopically heavier as V(V) bioreduction proceeded. The obtained V isotope composition 
dynamics followed a Rayleigh fractionation model, and the isotope enrichment factor (e) was 
(–0.54‰ ± 0.04‰) for B. subtilis and (–0.32‰ ± 0.03‰) for T. humireducens, with an insignificant 
difference. This study provides molecular insights into electron transfer for V(V) bioreduction and 
reveals V isotope fractionation during this bioprocess, which is helpful for understanding V biogeo-
chemistry and developing novel strategies for V remediation.

© 2025 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and 
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license 

(http://creativecommons.org/licenses/by-nc-nd/4.0/). 
1. Introduction 

Vanadium (V), a redox-sensitive metallic element, is ubiquitous 
in a wide range of natural minerals [1]. Its average content in the 
Earth’s crust (97 mg kg 1 ) is higher than that of common metals 
such as copper and nickel [2]. Vanadium possesses unique proper-
ties [3], including the formation of alloy carbides in steel to 
improve its toughness and catalyze denitrification in flue gas; 
therefore, it is intensively utilized in the high-tech industry [4]. 
Natural weathering and increasing anthropogenic emissions have 
led to the presence of V in the environment [5]. For instance, the 
highest dissolved V concentrations reach 58.6 mg L 1 in ground-
water at the Chisman Creek superfund site (USA) [6], far exceeding 
the notification level (50 lg L 1 ) proposed by the California 
Department of Public Health (USA) for drinking water. Significant 
V accumulation in soil near industrial sites has also been detected 
in the North West Province, South Africa, and Panzhihua City
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(China) [4]. Potential health and ecological risks are also induced 
by V, as it can cause pulmonary tumors and harm organisms at 
high doses [7]. Vanadium has become a global contaminant of 
re-emerging concern [5,7]. Surficial environments mainly contain 
trivalent, tetravalent, and pentavalent V (i.e., V(III), V(IV), and V(V)) 
[8,9]. V(III) exists only under anoxic and sulfidic conditions [10]. 
V(V) in the form of vanadate is the most toxic and mobile form, 
whereas V(IV) is less toxic and is naturally deposited under neutral 
conditions [7,11]. The geochemical cycling of V includes diverse 
processes such as adsorption/desorption and oxidation/ 
reduction [4].

V(V) can be reduced to V(IV) through microbial catalysis under 
anaerobic conditions [12], which is recognized as a detoxification 
strategy for ecosystems to cope with V stress [13]. Microbial V(V) 
reduction has been observed in various environments, including 
groundwater, surface water, soil, and mine tailing sites [4,14], 
where V accumulation occurs due to human activities related to 
V exploration. The phenomenon of V(V) bioreduction to V(IV) by 
microbial communities containing Gram-positive and Gram-
negative bacteria has been previously observed [4,15]. However, 
very few V(V)-reducing microorganisms have been identified and 
isolated [4], which mainly belong to Proteobacteria with Gram-
negative characteristics [15–17]. This severely restricts the under-
standing of the V(V) reduction process and application of the resul-
tant bioremediation. Microbial V(V) reduction is achieved through 
both extracellular and intracellular electron transfers [18]. Specific 
active compounds have been found in pure cells, such as cyto-
chrome c and nicotinamide adenine dinucleotide (NADH), which 
mediate electron transfer [18]. Microbial metabolites may also 
shuttle electrons; however, their contribution to V(V) reduction 
remains largely unknown. 

Vanadium has two stable isotopes, 50 V (0.24%) and 51 V (99.76%) 
[19]. Based on theoretical investigations, V isotope fractionation 
occurs during redox reactions [20]. Vanadium isotope fractionation 
analysis is highly challenging because the proportional difference 
between these two stable isotopes is significant, resulting in diffi-
culties in the precise measurement of low 50 V concentration. Only 
recent analytical advances have allowed the accurate and precise 
quantification of V isotope ratios [21]. V isotope fractionation can 
be used to investigate variations in redox fluctuations in natural 
environments [19]. At present, study [22] on V isotope fractiona-
tion have mainly focused on high-temperature geochemical pro-
cesses such as mantle melting and mineral crystallization. 
Recently, systematically distinct V isotopic compositions from 
environmental media (water, soil, and sediment) and relevant 
biota (plants, lichens, and mushrooms) have been reported 
[21,23], indicating the possible biological fractionation of V iso-
topes. Microbial reduction processes that induce isotope fractiona-
tion of redox-sensitive metals, such as Cr, Se, U, Sb, and Te, have 
been previously reported [24]. Microbial V(V) reduction is a pivotal 
step in V geochemistry. Unfortunately, information regarding 
microbially mediated V isotope fractionation during V transforma-
tion is still lacking. 

To fill these knowledge gaps, the Gram-positive bacterium 
Bacillus subtilis (B. subtilis) and the Gram-negative bacterium 
Thauera humireducens (T. humireducens), the genera of which are 
widely distributed in V-polluted sites [14], were employed to 
explore the metabolic mechanisms of microbial V(V) reduction 
and the associated V isotope fractionation. The ability of these 
two strains to reduce V(V) was evaluated through process exami-
nation and product characterization. Molecular V(V) reduction 
pathways were comprehensively studied using electron micro-
scopy, inhibitory trials, and metabolomics. Vanadium isotope frac-
tionation was also observed during V(V) bioreduction by these two 
strains, which may provide insights into V biogeochemical 
processes. 
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2. Materials and methods 

2.1. Strain incubation and solution preparation 

B. subtilis and T. humireducens strains were obtained from Fujian 
Agriculture and Forestry University, China. Both strains are faculta-
tive anaerobic heterotrophs that live in mild environments with Fe 
(III) and nitrate as electron receptors under anaerobic conditions 
[25]. They can also detoxify various environmental pollutants [9]. 
The bacterial suspension (10 mL) was added to Luria–Bertani med-
ium (yeast extract 5 g L 1 , tryptone 10 g L 1 , and NaCl 10 g L 1 ), 
and the strains were cultured in a shaker (135 r min 1 )  at  30  ℃. 
After 24 h of incubation, 40 mL of the bacterial solution was cen-
trifuged (4000 g for 20 min, g is denoting gravity). The resultant 
solid layer was rinsed twice with sterile water and inoculated into 
100 mL aqueous solution containing the following components 
(per L): 0.2460 g CaCl2, 1.0572 g MgCl2 6H2O, 0.4459 g NaCl, 
0.0283 g KCl, 0.8082 g NaHCO3, 0.1557 g NH4Cl, and 0.0299 g 
KH2PO4, with resultant optical density at 600 nm (OD600) of 0.50. 
The solution pH was adjusted to 7.00 using 1 mmol L 1 HCl, and 
oxygen was removed by flushing with nitrogen gas. V(V) was 
added to the above solution in the form of NaVO3 of analytical pur-
ity (Aladdin, China). Ultrapure water (18.2 MX cm) was produced 
using an ultra-pure water system (Milli-Q Synthesis, Millipore, 
USA). All other analytical-grade chemicals were used directly with-
out further purification.
2.2. Experimental procedure 

The V(V) reduction performance of B. subtilis and T. humire-
ducens was first studied over a 10 d period, with an initial V(V) con-
centration of 50 mg L 1 and a total organic carbon (TOC) 
concentration of 300 mg L 1 in the form of ethanol. Sterilized bio-
mass was used for comparison. All experiments were conducted in 
triplicate sealed serum bottles in an incubator at (30 ± 2) °C. V(V) 
attenuation, TOC consumption, and biomass growth were moni-
tored every 2 d. Microbial metabolic characteristics without V(V) 
were monitored as a control. The composition of the blue precipi-
tates produced during the V(V) reduction was characterized after 
10 d of incubation. The different cell components were separated, 
and their V(V) reduction abilities were compared by monitoring 
V (V) removal [18]. After the cultured strain was harvested by 
centrifugation, the residual solution was the cell-free extract. The 
biomass obtained was then ultrasonically broken and centrifuged. 
The precipitated substances were the membrane fractions. The 
resulting solution was defined as the cytoplasmic soluble fraction 
[26]. The distribution of reduction products in the cells was charac-
terized using electron microscopy. Subsequently, electron transfer 
properties and metabolomic analyses were performed to study the 
metabolic pathways involved in V(V) reduction. Subsequently, 
temporal variations in the V isotope ratios (d51 V) were measured 
to investigate microbially induced fractionation. 
2.3. Physicochemical characterization 

Each aqueous sample (2 mL) was collected using a syringe, 
passed through a 0.22 lm filter, and stored at 4 °C before analysis. 
The soluble V(V) concentration was measured by spectrophotome-
try (detection limit of 2.2 lg L 1 ) at 601 nm using 2-(5-bromo-
2-pyridylazo)-5-(diethylamino)phenol (5-Br-PADAP) as the chro-
mogenic reagent [27]. Vanadium speciation was also simulated 
using HSC Chemistry (Version 6.0, Outotec, Finland) code with 
the Visual MINTEQ (Version 3.1, KTH Royal Institute of Technology, 
Sweden) database. The pH and oxidation–reduction potential (Eh)
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were measured using a multipurpose instrument (S400, 
Mettler-Toledo, Switzerland). The TOC was analyzed using a Multi 
N/C 3000 TOC analyzer (Analytik Jena AG, Germany). 

The precipitates were collected by centrifugation (6000 g, 
10 min) and freeze-dried. Their compositions were analyzed by 
energy-dispersive X-ray spectroscopy (EDS) using a scanning elec-
tron microscope (SEM; JEOL JAX-840, Hitachi Limited, Japan). The 
structures of the precipitates were determined using an X-ray 
diffraction (XRD) instrument (Rigaku-D/MAX-PC 2500, Rigaku, 
Japan) equipped with an X-ray tube (18 kW). The valences of V 
in the precipitates were analyzed using X-ray photoelectron spec-
troscopy (XPS; XSAM-800, Kratos, UK). The cell morphologies were 
examined using field-emission high-resolution transmission elec-
tron microscopy (TEM; JEM-2100F, Hitachi, Japan), and mapping 
was conducted to examine the elemental distributions. The 
washed cells were fixed in glutaraldehyde solution (2.5%, weight 
(w)/w) and osmium tetroxide (1%, w/w), and then dehydrated with 
acetone and polymerized [18]. Ultrathin sections (50–60 nm) of 
the cells were prepared using an ultramicrotome (EM UC6, Leica, 
Germany). The distribution of intracellular reduction products 
was evaluated using a line scan. After bioreduction, intracellular 
and extracellular V were collected by washing with 2 mol L 1 

H2SO4 and ultrasonication, and then measured [17]. 
2.4. Microbiological analysis 

Microbial biomass was detected by measuring the OD600 using a 
spectrophotometer (DR6000, HACH, USA). The contents of extra-
cellular cytochrome C on the bacterial outer membranes and intra-
cellular NADH were measured spectrophotometrically at 415 and 
340 nm, respectively. Intracellular glutathione (GSH) was deter-
mined using the Ellman method. These were normalized to volatile 
suspended solids (VSS), which were quantified by measuring the 
weight loss of bacterial samples after heating at 103 °C for 12 h 
in a muffle furnace [28]. The electron transport system activity 
(ETSA) of the strains was evaluated through reducing 2-(p-
iodophenyl)-3-(p-nitrophenyl)-5-phenyl tetrazolium chloride, a 
type of exogenous electron acceptor, to formazan [26]. Inhibitory 
trials were conducted by adding a specific inhibitor targeting the 
corresponding active compounds (antimycin A for cytochrome c, 
rotenone for NADH, and carmustine for GSH) [29]. The functional 
groups of extracellular polymer substances (EPS) were characteri-
zed by Fourier transform infrared (FTIR) spectroscopy (Nicolet 
5700, Thermo Fisher Scientific, USA). 

To conduct the metabolomic investigation, supernatants from 
the V(V)-free and V(V)-present cultures were filtered through a 
0.22 lm membrane, and metabolites in the supernatants were 
detected using ultra high-performance liquid chromatography-
Fourier transform mass spectrometry (Exactive HF-X, Thermo 
Fisher Scientific). The analysis was performed on an ACQUITY UPLC 
HSS T3 column (Waters, USA) with a 2 lL injection at 40 °C. Mobile 
phase A consisted of 95% water and 5% acetonitrile (containing 
0.1% formic acid), whereas mobile phase B consisted of 47.5% ace-
tonitrile, 47.5% isopropanol, and 5% water (containing 0.1% formic 
acid). The metabolites in the microbial cells were analyzed using 
gas chromatography-mass spectrometry (GC-MS; 8890B-5977B, 
Agilent, USA). After derivation, 1 lL samples were injected into 
the GC-MS system in shunt mode, separated by a DB-5MS capillary 
column (Agilent, USA), and then detected by mass spectrometry 
with an electron bombardment ion source. Differential metabolites 
were screened when the variable importance in the projection 
value was above 1.00, and the metabolite was identified as a differ-
ential metabolite (p < 0.05). The metabolic pathways of the 
metabolites were obtained from the Kyoto Encyclopedia of Genes 
and Genomes (KEGG) expression database. 
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2.5. Vanadium isotope measurement and calculation 

Aqueous samples were collected at selected time points during 
V(V) reduction by the two strains. The obtained solution was puri-
fied by chromatography to remove other elements, with primary 
and subsequent separations using Bio-Rad AG50W-X12 (200–400 
mesh) cationic resin and AG1-X8 anionic resin (Biorad, USA), 
respectively [30]. The chemical purification procedures were con-
ducted in an ultraclean laboratory. High-precision V stable isotopes 
were then measured using a Neptune Plus multicollector induc-
tively coupled plasma mass spectrometer (MC-ICP-MS; Thermo 
Fisher Scientific), employing in-house standard University of 
Science and Technology of China-vanadium (USTC-V) as a blank 
with negligible mass (< 1.5 ng) compared to the V used for mea-
surement (5–10 lg) [31]. A dry plasma injection method with an 
Aridus II (CETAC Technologies, USA) membrane dissolving system 
was employed to select the jet sample and X intercept cones in 
the medium-resolution mode to improve the sensitivity of the V 
isotope measurement [24]. On-peak zero correction was per-
formed for each V isotope analysis. Vanadium isotope components 
were measured on a Faraday cup connected to 1010 X, and all other 
Faraday cups of MC-ICP-MS were connected to 1011 X. The exter-
nal precision of the employed V isotope (d51 V) analysis method 
was better than ±0.08‰ (two standard deviations (2SD)) on the 
basis of repeated analyses of BDH standard (d51 V = (–1.24‰ ± 
0.08‰), 2SD, n = 292) and USTC-V standard (d51 V = (0.06‰ 
± 0.08‰), 2SD, n = 186) [32]. 

Vanadium isotope data are reported as relative deviations from 
a standard reference material in parts per thousand (per mil or 
thousand): 

d51 V 

51V 
50V Sample 

51V 
50V AA 

1000‰ 1 

where Alfa Aesar (AA) is the widely accepted zero-d51 V standard for 
V isotope measurement [33]. 

The V isotope fractionation factor (a) indicating the fractiona-
tion degree between the product and reactant was defined as: 

a Rproduct Rreactant 2 

where Rproduct and Rreactant are the V isotope ratios (51 V/50 V) of the 
product and reactant, respectively. 

A Rayleigh distillation model applied to closed systems such as 
batch experiments was employed to obtain a using the following 
equation: 

dt d0 1000 f a 1 1000 3 

where dt is the d51 V value of aqueous V in the solution at time t dur-
ing the experiment, d0 is the initial d51 V value, and f is the fraction of 
aqueous V remaining in the solution. 

For convenience, the kinetic fractionation factor a was con-
verted into an isotope enrichment factor (e) using the following 
formula: 

e a 1 1000‰ 4 

Statistical analysis was conducted using a one-way analysis of 
variance followed by Duncan’s multiple range test (p < 0.05) using 
SPSS (version 25.0, IBM, USA) software. Uncertainties of 2SD for the 
isotope data (n = 3) and 1SD for the concentration data (n = 3) are 
reported.
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Fig. 1. Performance of V(V) bioreduction by B. subtilis and T. humireducens. 
(a) Dynamics of V(V) concentration during 10 d operation; (b) changes in TOC 
and OD600 during 10 d operation; error bars represent the standard deviation. 

Fig. 2. Structure and V speciation of the precipitates produced during V(V) 
bioreduction by B. subtilis and T. humireducens. (a) XRD spectrum; (b) high-
resolution XPS spectrum of V 2p for the precipitates produced. 
3. Results 

3.1. V(V) bioreduction behaviors and products 

The soluble V(V) concentration decreased over time in B. subtilis 
and T. humireducens (Fig. 1(a)) at an initial V(V) concentration of 
50 mg L 1 . In the 10 d incubation period, V(V) removal efficiency 
reached (90.5% ± 1.6%) and (93.0% ± 1.8%) for B. subtilis and T. 
humireducens, respectively. Minimal V(V) was removed by steriliz-
ing B. subtilis and T. humireducens after three cycles of incubation. 
The TOC concentration declined over time, with a gradual increase 
in OD600 (Fig. 1(b)). T. humireducens exhibited higher organic con-
sumption and biomass yield, corresponding to faster V(V) removal, 
than B. subtilis. 

SEM images showed that the precipitates were closely attached 
to the bacterial cells after incubation (Fig. S1(a) in Appendix A). The 
EDS analysis revealed that these precipitates contained V (Fig. S1 
(b) in Appendix A). Minimal obvious characteristic peaks of the V 
compounds were detected in the XRD spectra (Fig. 2(a)), indicating 
that the precipitates were amorphous. The valence state of V in the 
precipitates was analyzed using XPS (Fig. 2(b)). A sub-band with a 
peak binding energy of 515.9 eV was identified in both strains. 
There were also V 2p peaks at 517.1 and 523.7 eV detected in 
XPS spectra. 

3.2. Active sites for V(V) bioreduction 

The membrane, cytoplasmic soluble, and cell-free extract frac-
tions of both strains showed reduced V(V) (Fig. 3(a)). The cytoplas-
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mic soluble fraction of B. subtilis showed the highest V(V) reduction 
ability during 10 d of incubation, with a V(V) removal efficiency of 
(38.0% ± 4.8%). In contrast, the highest V(V) reduction efficiency 
was obtained for the membrane fraction of T. humireducens, with 
a V(V) removal efficiency of (37.3% ± 3.2%) in a 10 d cycle.

The TEM images showed obvious precipitates associated with 
the intact cells of B. subtilis and T. humireducens after V(V) reduc-
tion (Fig. 3(b)). The elemental mapping results revealed the depo-
sition of solid V on the cell surface and the surrounding 
environment. A higher V intensity was observed in intact T. 
humireducens cells. Small, dark particles were also found in the 
ultrathin sections of B. subtilis and T. humireducens (Fig. 3(c)). The 
line scanning results showed that the intracellular energy intensity 
of V was higher than that outside the cells for both strains. Weaker 
intracellular V energy intensity was observed in T. humireducens, 
indicating that it tends to reduce V(V) extracellularly. 

3.3. Electron transfer for V(V) bioreduction 

Compared to the control group without V(V), the cytochrome c 
content increased significantly when V(V) was added (p < 0.01; 
Fig. 4(a)). NADH content also increased with exposure to V(V), 
especially in the Gram-positive B. subtilis, from (82.0 ± 7.8) to 
(156.1 ± 7.1) mg g 1 normalized to VSS. Another intracellular 
reductive substance, GSH, was detected, although its content 
decreased by 25.4% and 22.3% upon the addition of V(V) in
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Fig. 3. Identification of active sites and product distribution for V(V) bioreduction. 
(a) Contribution of different cellular components to V(V) reduction; (b) TEM images 
of intact cells exposed to V(V) (left), with V mapping on their surfaces (right); 
(c) TEM images of ultrathin sections with line scans for V across them.
B. subtilis and T. humireducens, respectively. The ETSA was 
improved with V(V) addition (Fig. 4(b)), by an average of 2.86 
and 3.35 folds for B. subtilis and T. humireducens, respectively. 
When each inhibitor was added, the V(V) removal efficiencies 
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during the 10 d cycle decreased considerably (p < 0.001; Fig. 
4(c)). However, the resistance from these inhibitors differed 
between the two strains. NADH was more critical for B. subtilis, 
whereas T. humireducens depended more on GSH for V(V) reduc-
tion (Fig. 4(a)). Hydroxyl (–OH) and carboxyl (–COO– ) groups were 
detected in the FTIR spectra of the EPS from B. subtilis and 
T. humireducens (Fig. 4(d)).

Metabolomic analysis showed that the expression of metabolic 
pathways related to intracellular and extracellular electron trans-
fer differed when the two strains were exposed to 50 mg L 1 

V(V) compared to V(V)-free conditions. The ubiquinone and other 
terpenoid-quinone biosynthesis pathways were differentially 
expressed (Fig. S2 in Appendix A). Differential metabolites were 
also detected in this pathway (Fig. 5(a)). For biotin metabolism, 
the same enriched metabolites were detected in the supernatants 
of both strains (Fig. 5(b)). Riboflavin metabolism was significantly 
different between the supernatants of B. subtilis with and without 
V(V) (p < 0.05). The abundance of flavin mononucleotides (FMN) 
increased considerably (p < 0.05; Fig. 5(c)). Comparatively, the 
expression of this pathway was not significant in T. humireducens 
(p > 0.05). Riboflavin was also significantly enriched (p < 0.05). 
GSH metabolism also displayed different expression levels in the 
tested samples, with the exception of the T. humireducens super-
natant. The abundance of glutamate increased significantly after 
the exposure of B. subtilis to V(V) (p < 0.05; Fig. 5(d)). Regarding 
oxidative phosphorylation, significant accumulation of FMN and 
succinate was observed when B. subtilis was subjected to V(V) 
stress (p < 0.05; Fig. 5(e)).

3.4. Vanadium isotope dynamics 

The d51 V value for NaVO3 from Sinopharm (China) was 
(–0.97‰ ± 0.05‰). The d51 V value of the remaining aqueous V 
displayed upward tendencies during bacterially mediated V(V) 
reduction, reaching (0.14‰ ± 0.03‰) for B. subtilis and (–0.15‰ ± 
0.08‰) for T. humireducens (Fig. 6(a)). Moreover, the V isotope 
ratios varied in surficial environments, including environmental 
matrices (e.g., soil and sediment) and biota, ranging from approx-
imately –2.0‰ to 2.0‰ (Fig. 6(b)). Our obtained d51 V values were 
within this range. Considering the well-mixed and closed condi-
tions without V(V) input and output in our study, the V isotopic 
fractionation factor was assumed to be constant according to the 
Rayleigh distillation model, with e values of (–0.54‰ ± 0.04‰) 
for B. subtilis and (–0.32‰ ± 0.03‰) for T. humireducens (Fig. 
6(a)). The variation in V isotope fractionation between these two 
bacterial strains was insignificant (p > 0.05).

The speciation simulation results indicated that HVO4 
2– was the 

dominant species of the original V(V), whereas the produced V(IV) 
mainly existed in the form of solid VO(OH)2 with trace VO2+ in the 
aqueous solution (Fig. S3 in Appendix A), in the measured ranges of 
pH 7.00–7.93, and Eh from –120.0 to –32.0 mV during V(V) 
bioreduction. 
4. Discussion 

4.1. Performance and mechanisms of V(V) bioreduction 

The output of V(V) concentration monitoring in the experimen-
tal and sterilized groups indicated that B. subtilis and T. humire-
ducens could reduce V(V) through microbial metabolism. Their 
V(V) removal efficacy was superior to that of previously reported 
strains. For example, the V(V) removal efficiency of Lactococcus raf-
finolactis (L. raffinolactis) during a 10 d operation was approxi-
mately 86.5% [34]. A comparatively higher V(V) reduction rate 
was observed for T. humireducens, attributable to the thinner cell
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Fig. 4. Evaluation of electron transfer during V(V) bioreduction by B. subtilis and T. humireducens. (a) Cytochrome c, NADH, and GSH contents; (b) variations in ETSA of the two 
strains during the 10 d operation; (c) V(V) removal efficiency during 10 d operation with different inhibitors; (d) FTIR spectrum of EPS from V(V)-reducing systems.
walls characteristic of Gram-negative bacteria, which facilitate 
more efficient electron transfer [35]. The decline in TOC concentra-
tion, along with an increase in OD600, suggested growth metabo-
lism accompanied by V(V) reduction by both strains. The 
formation of precipitates implied that the reduction products of 
V(V) were insoluble. The sub-band with peak binding energy at 
515.9 eV of the XPS spectrum corresponded to V(IV) [26], indicat-
ing that the transformation from V(V) to insoluble V(IV) was facil-
itated through microbial mediation. The V 2p peaks at 517.1 and 
523.7 eV detected in the XPS spectra were attributed to the binding 
energy of V 2p3/2 and V 2p1/2 for V(V), likely due to the V(IV) 
re-oxidation during testing [36]. 

The ability of all separated cell components to reduce V(V) and 
the distribution of solid V in the TEM images implied that V(V) 
reduction occurred both intracellularly and extracellularly for both 
strains. In B. subtilis, the higher V(V) reduction ability of the cyto-
plasmic soluble fraction and stronger V energy intensity within 
cells indicated that this strain primarily reduced V(V) in cells, con-
sistent with the previously reported Gram-positive L. raffinolactis 
for V(V) reduction [34]. In contrast, most of the V(V) was reduced 
extracellularly by T. humireducens, as its membrane fraction exhibi-
ted the highest V(V) reduction performance, with a higher V inten-
sity for the intact cells of T. humireducens. 

The increase in the content of electron transporters demon-
strated that V(V) reduction occurred through electron transfer. 
Cytochrome c is embedded in the cell membrane and can transfer 
electrons from the inside to the outside [37]. NADH is oxidized to 
NAD+ , and the NADH/NAD+ redox couple is a ubiquitous electron 
transporter in cells [38]. NADH, as a reductant, may also be 
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involved in the intracellular reduction of V(V) to V(IV) [39,40]. 
Another intracellular reductive substance, GSH, is oxidized to glu-
tathione disulfide (GSSG) by forming a disulfide dimer [41]. The 
GSH/GSSG redox couple is an electron transporter involved in 
diverse cellular metabolic processes [38]. The role of GSH in V(V) 
reduction was confirmed in a thermophilic microbial consortium 
[42]. The decrease in GSH content upon exposure to V(V) was prob-
ably due to the reciprocal transformation between GSH and NADH 
[43]. The improved ETSA further indicated that V(V) reduction was 
realized through enhanced electron transfer. The results of the tri-
als with inhibitors implied that these electron transporters play 
important roles in V(V) reduction. Microbially secreted EPS can 
also deliver electrons because their reductive groups (–OH and – 
COO– ) donate electrons to V(V), facilitating V(V) reduction [26]. 
Moreover, they can chelate the V(IV) produced. 

The differentially expressed pathways with enriched differen-
tial metabolites indicated that additional electron transfer path-
ways might be involved in V(V) reduction, as revealed by 
metabolomic analysis. Quinones are redox media that participate 
in the bioreduction of heavy metals via extracellular electron 
transport [44]. During biotin metabolism, the electron transfer 
activity of biotin has been observed at the interfaces of biotin-
modified gold electrodes [45]. Biotin has been used as a bridge to 
change the conductance distribution between electrodes, indicat-
ing its electrochemical activity [46]. FMNs are electronic carriers 
involved in microbial metabolism [47]. Riboflavin participates in 
various redox reactions in metabolic centers and acts as an elec-
tron shuttle for the microbial reduction of heavy metals [48]. These 
pathways may contribute to extracellular electron transfer during



W. Yan, B. Zhang, Yi’na Li et al. Engineering 46 (2025) 257–266

Fig. 5. Differentially expressed electron transfer pathways with enriched metabolites for V(V) reduction. (a) Ubiquinone and other terpenoid–quinone biosynthesis; (b) biotin 
metabolism; (c) riboflavin metabolism; (d) GSH metabolism; (e) oxidative phosphorylation. The identification number of each pathway in the KEGG database is appended to 
the name of each respective pathway. The square and diamond, represent the supernatant and precipitate of B. subtilis while the circle, and triangle represent the supernatant 
and precipitate of T. humireducens, respectively. Differentially enriched metabolites are indicated in red. NADPH: nicotinamide adenine dinucleotide phosphate; NADP: 
nicotinamide adenine dinucleotide phosphate (reduced form); UQ: ubiquinone; UQH2: ubiquinol; Cyt: cytochrome; ATP: adenosine triphosphate; pi: inorganic phosphate; 
FMNH2: flavin mononucleotide (reduced form); FC: fold change.

263



W. Yan, B. Zhang, Yi’na Li et al. Engineering 46 (2025) 257–266

Fig. 6. Dynamics of V isotope composition during V(V) bioreduction and 
comparison with environmental samples. (a) Variations in d51 V value in the 
solution during V(V) reduction by B. subtilis and T. humireducens; (b) vanadium 
isotope data obtained in this study (circle) and reported for natural environmental 
samples (triangle) with data sources presented in Table S1 in Appendix A. The 
plotted blue vertical bar represents the range of V isotopes for Bulk Silicate Earth.
V(V) bioreduction. The increased abundance of glutamate in B. sub-
tilis suggested that GSH is synthesized for electron transfer and 
V(V) reduction within cells. The significant accumulation of FMN 
and succinate in B. subtilis suggested that electrons are transferred 
for V(V) reduction via oxidative phosphorylation. These two path-
ways may contribute to V(V) bioreduction via intracellular electron 
transfer. 

In summary, there were two types of electron transfer for V(V) 
bioreduction in these two strains. Extracellular electrons were 
transferred to V(V) by cytochrome c on the outer membrane and 
soluble metabolites, such as quinone, biotin, and riboflavin. In 
addition, V(V) could also be reduced to V(IV) intracellularly via 
electron transfer mediated by NADH and GSH. 

4.2. Vanadium isotope fractionation during V(V) bioreduction 

The d51 V value of NaVO3 from Sinopharm was slightly different 
from that of vanadium titanomagnetite (–0.72‰ ± 0.10‰) [49], 
which is the main raw material for V production in China [50]. 
Vanadium isotope fractionation during ore smelting and reagent 
production may have contributed to this discrepancy. According 
to previous studies [21,23], the highest d51 V values were found 
in the fruit bodies of Amanita muscaria (1.7‰), and the lowest val-
ues were found in marten liver (–1.7‰), compared to those in soil 
(–0.7‰) and sediment (–0.5‰), further demonstrating the frac-
tionation of V isotopes under the influence of organisms. 
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The increase in d51 V values of the remaining aqueous V in solu-
tion along with V(V) reduction indicated that the lighter isotopes 
reacted preferentially during V(V) reduction through microbial 
catalysis. Biological uptake, adsorption, and redox reactions are 
the main low-temperature geochemical processes controlling the 
transportation of V [2], and are possibly accompanied by V isotope 
fractionation. Vanadium bioaccessibility and kinetic isotope 
effects, where the lighter isotope has a faster reaction rate, jointly 
determine V isotope fractionation during biological uptake [21]. 
Theoretical calculations have also shown that the light V isotope 
(50 V) is preferentially adsorbed on the surface of goethite [20], 
which is responsible for V isotope fractionation during adsorption. 
For redox reactions, lighter metal isotopes are favored in metabolic 
reactions, resulting in heavier isotope compositions in the remain-
ing reactants [51]. This might also be true for V(V) bioreduction, 
thereby producing remarkable V isotope fractionation. Microbial 
reduction contributed primarily to V isotope fractionation in our 
study, whereas V isotope dynamics were likely affected by V(V) 
adsorption by microbes, which produced precipitates [20]. The 
slightly lower V isotopic fractionation factor for T. humireducens 
might be due to the more effective V uptake and V(V) reduction 
by gram-negative bacteria with thinner cell walls. 

The transformation of V(V) to V(IV) is related to changes in the 
V–O bond that controls V isotope fractionation. Bond breaking 
involving light isotopic species is favored because it has a higher 
zero-point vibrational energy, resulting in a slightly smaller poten-
tial energy barrier to overcome [52]. When the V–O bonds were 
broken during the transformation of V(V) to V(IV), the activation 
energy for the light isotope during the evolution of the V–O bonds 
in the ground state of V(IV) relative to the transition state was 
lower. Strong isotope fractionation factors have also been 
found during environmentally relevant redox reactions of Cr and 
Se with microbial participation [53,54]. Considering the discrep-
ancy in the reactive sites of these two strains for V(V) reduction, 
it can be inferred that metabolic pathways may have less 
of an impact on V isotope fractionation. Experimental results have 
demonstrated this during Cr(VI) reduction by Shewanella 
oneidensis [55]. 

4.3. Environmental and geochemical implications 

Although microbial V(V) reduction has been reported [4], the 
functional species that catalyze this process are limited. The find-
ing that B. subtilis and T. humireducens can reduce V(V) augments 
the V(V)-reducing microbial family. These bacteria are common 
in the environment and their ability to remove pollutants has been 
demonstrated [56,57]. Microbial V(V) reduction can be non-
negligible in V redox cycling in the Earth’s surficial environments 
and indicates a promising route for V detoxification. Therefore, 
microbial agents can be used for the remediation of toxic V(V) pol-
luted environments [4]. Once reduced, V(IV) is fixed within the 
cells and chelated by EPS, which is expected to have long-term sta-
bility, even if cell death occurs. In practical applications, geological 
structure and geochemical factors should be fully considered to 
achieve sustainable remediation without secondary pollution. In 
particular, the redox conditions should be carefully managed to 
prevent V(IV) re-oxidization. The scheme for injecting functional 
microorganisms and nutrients should be well designed. The eluci-
dation of V(V) reduction pathways by these strains indicates that 
diverse compounds can promote electron transfer, especially the 
previously unidentified biotin. These soluble and solid electron 
transporters can be added during application [26] to accelerate 
V(V) reductive detoxification. It is important to note that electron 
transfer for V(V) bioreduction may be species-dependent; there-
fore, a broader range of bacterial species should be investigated 
to further elucidate the mechanisms involved.
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This study accurately assessed V isotope fractionation during 
biochemical reactions through experiments for the first time, 
which has geochemical implications for Earth’s surficial environ-
ments. This supports the notion that large isotope fractionation 
occurs during the redox processes of variable-valency metals 
[58]. Therefore, V isotope fractionation can be used to identify pol-
lution sources and trace pollution processes. V(V) reduction can be 
biotically and microbially mediated; therefore, the resultant V iso-
tope fractionation may differ. Other geochemical and hydrody-
namic factors such as electron donors and flow rates may also 
induce isotope fractionation during V(V) bioreduction, which 
requires further investigation. Other geochemical processes, such 
as adsorption/desorption, may also influence V isotope fractiona-
tion. Possible low isotope exchanges among the different valence 
states of V in such bioprocesses should also be experimentally 
evaluated. 

5. Conclusions 

This study investigated V(V) reduction by B. subtilis and 
T. humireducens with the involved electron transfer and concomi-
tant V isotope fractionation. At the initial concentration of 
50 mg L 1 , (90.5% ± 1.6%) and (93.0% ± 1.8%) of V(V) was removed 
during a 10 d incubation by B. subtilis and T. humireducens, respec-
tively. Insoluble V(IV) was the main product of V(V) bioreduction 
and was distributed both inside and outside the cells. Improved 
compounds (cytochrome c, NADH, and GSH) and enriched metabo-
lites (quinone, biotin, and riboflavin) mediated electron transfer for 
V(V) reduction. The d51 V value increased as V(V) bioreduction pro-
ceeded, following a Rayleigh fractionation model. Isotope enrich-
ment factors of (–0.54‰ ± 0.04‰) for B. subtilis and (–0.32‰ ± 
0.03‰) for T. humireducens were obtained. This study advances 
the understanding of electron transfer mechanisms for V(V) biore-
duction and V isotope fractionation in V biogeochemical cycling. 
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