
Article

Influence of riboflavin on the reduction of 

radionuclides by Shewanella oneidenis MR-1

Cherkouk, Andrea, Law, Gareth T.W., Rizoulis, Athanasios, Law, 
Katie, Renshaw, Joanna C., Morris, Katherine, Livens, Francis R. and 
Lloyd, Jonathan R.

Available at http://clok.uclan.ac.uk/17300/

Cherkouk, Andrea, Law, Gareth T.W., Rizoulis, Athanasios, Law, Katie, Renshaw, Joanna C., 

Morris, Katherine, Livens, Francis R. and Lloyd, Jonathan R. (2016) Influence of riboflavin on the  

reduction of radionuclides by Shewanella oneidenis MR-1. Dalton Transactions, 45 (12). pp. 

5030-5037. ISSN 1477-9226  

It is advisable to refer to the publisher’s version if you intend to cite from the work.
http://dx.doi.org/10.1039/c4dt02929a

For more information about UCLan’s research in this area go to 
http://www.uclan.ac.uk/researchgroups/ and search for <name of research Group>.

For information about Research generally at UCLan please go to 
http://www.uclan.ac.uk/research/ 

All outputs in CLoK are protected by Intellectual Property Rights law, including
Copyright law.  Copyright, IPR and Moral Rights for the works on this site are retained 
by the individual authors and/or other copyright owners. Terms and conditions for use 
of this material are defined in the http://clok.uclan.ac.uk/policies/

CLoK

Central Lancashire online Knowledge
www.clok.uclan.ac.uk

brought to you by COREView metadata, citation and similar papers at core.ac.uk

provided by CLoK

https://core.ac.uk/display/80694095?utm_source=pdf&utm_medium=banner&utm_campaign=pdf-decoration-v1
http://clok.uclan.ac.uk/policies/
http://www.uclan.ac.uk/research/
http://www.uclan.ac.uk/researchgroups/


Dalton
Transactions

PAPER

Cite this: Dalton Trans., 2016, 45,

5030

Received 23rd September 2014,

Accepted 19th November 2015

DOI: 10.1039/c4dt02929a

www.rsc.org/dalton

Influence of riboflavin on the reduction of
radionuclides by Shewanella oneidenis MR-1

Andrea Cherkouk,†a Gareth T. W. Law,b Athanasios Rizoulis,a Katie Law,b

Joanna C. Renshaw,‡a Katherine Morris,a Francis R. Livensa,b and

Jonathan R. Lloyd*a

Uranium (as UO2
2+), technetium (as TcO4

−) and neptunium (as NpO2
+) are highly mobile radionuclides

that can be reduced enzymatically by a range of anaerobic and facultatively anaerobic microorganisms,

including Shewanella oneidensis MR-1, to poorly soluble species. The redox chemistry of Pu is more

complicated, but the dominant oxidation state in most environments is highly insoluble Pu(IV), which can

be reduced to Pu(III) which has a potentially increased solubility which could enhance migration of Pu in the

environment. Recently it was shown that flavins (riboflavin and flavin mononucleotide (FMN)) secreted by

Shewanella oneidensis MR-1 can act as electron shuttles, promoting anoxic growth coupled to the acceler-

ated reduction of poorly-crystalline Fe(III) oxides. Here, we studied the role of riboflavin in mediating the

reduction of radionuclides in cultures of Shewanella oneidensis MR-1. Our results demonstrate that the

addition of 10 µM riboflavin enhances the reduction rate of Tc(VII) to Tc(IV), Pu(IV) to Pu(III) and to a lesser

extent, Np(V) to Np(IV), but has no significant influence on the reduction rate of U(VI) by Shewanella oneiden-

sis MR-1. Thus riboflavin can act as an extracellular electron shuttle to enhance rates of Tc(VII), Np(V) and

Pu(IV) reduction, and may therefore play a role in controlling the oxidation state of key redox active actinides

and fission products in natural and engineered environments. These results also suggest that the addition of

riboflavin could be used to accelerate the bioremediation of radionuclide-contaminated environments.

Introduction

Shewanella species are facultative anaerobic bacteria with a

remarkable respiratory versatility, being able to couple the oxi-

dation of organic matter to the reduction of terminal electron

acceptors including nitrate (NO3
−), Fe(III), Mn(IV), U(VI) and

Tc(VII).1,2 To date, reactions involving Fe(III) and Mn(IV) have

received the most attention, and here, the metals are thought

to be reduced via outer membrane cytochromes which are

abundant in the genome.3,4 Ferric iron is highly insoluble at

neutral pH in most environments, but Shewanella species have

evolved pathways to conserve energy for growth through the

transfer of electrons to the insoluble Fe(III).1 At least two path-

ways have been proposed for electron transfer to the solid

Fe(III) substrate; (1) the direct transfer of electrons from the

cell surface to the Fe(III) mineral, and (2) the use of low-mole-

cular weight soluble redox mediators or “electron shuttles” to

promote extracellular electron transfer.1,2,5,6 An Fe(III)

reduction deficient mutant strain of Shewanella oneidensis

MR-1 was found to contain a mutation in a gene (gspD) that

encodes the outer membrane porin of a type II secretion

system, which is involved in the extracellular translocation of

Shewanella oneidensis outer membrane cytochromes MtrC and

OmcA.6,7 The lack of a properly functioning type II protein

secretion system renders the organism incapable of reducing

Fe(III) oxy(hydr)oxides at wild-type rates.6 However, the Fe(III)

reduction activity of the type II protein secretion mutant can

be rescued by the addition of exogenous electron shuttling

compounds such as anthraquinone-2,6-disulfonate (AQDS).6

In addition to direct reduction mechanisms via cyto-

chromes, for more than a decade Shewanella strains have also

been known to secrete soluble electron shuttles that can play a

role in extracellular electron transfer.8 More recently, the flavin

molecules FMN and riboflavin were identified as the electron

shuttles secreted by S. oneidensis MR-1 and shown to promote

growth via the reduction of poorly soluble Fe(III) oxides.2,9

These molecules have also been shown to play a role in med-

iating the flow of electrons to an anode surface in a microbial
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fuel cell containing Shewanella oneidensis MR-1 and Shewanella

sp. MR-4.10

Shewanella oneidensis MR-1 can also reduce a range of

redox active radionuclides. For example U(VI) is reduced

directly under anoxic conditions, resulting in the precipitation

of U(IV) as uraninite (UO2).
11–13 Recently, it was demonstrated

that c-type cytochromes of Shewanella oneidensis MR-1 are

essential for the reduction of U(VI) and the subsequent for-

mation of extracelluar UO2 nanoparticles.12,14 In particular,

the outer membrane (OM) decaheme cytochrome MtrC, pre-

viously implicated in Mn(IV) and Fe(III) reduction, was shown

to play a role in transferring electrons to U(VI). Additionally,

deletions of mtrC and/or the gene encoding another outer

membrane cytochrome omcA significantly affected the in vivo

rate of U(VI) reduction relative to the wild-type MR-1 strain.12 A

study on the electron transfer pathway for U(VI) reduction

mediated by FMN, which is secreted by Shewanella species,

demonstrated that FMN may also act as a mediator during the

reduction of U(VI) to U(IV), accelerating its reduction.15

Tc(VII) in contrast, is generally thought to be reduced via

direct interactions with hydrogenase, using hydrogen as an

electron donor.16,17 Shewanella oneidensis MR-1 is able to cata-

lyse this reaction consistent with the presence of a NiFe hydro-

genase in the strain.18 However, this organism can also couple

lactate oxidation to a slower rate of enzymatic Tc(VII) reduction,

with c-type cytochromes implicated in electron transfer to the

radionuclide with this electron donor.18

The reductive capability of Shewanella putrefaciens (ATCC

8071) (now renamed S. oneidensis) has also been used for the

reduction of Np(V) to lower valence (probably Np(IV)19).

However, the neptunium in these experiments could not be

removed from solution in this study via this direct reductive

precipitation mechanism. Instead, bioreduction to Np(IV) by

S. putrefaciens, together with phosphate liberation by a Citro-

bacter sp. with high phosphatase activity, permitted bioprecipi-

tative removal of Np, presumably as an insoluble Np(IV)

phosphate.19 A later study demonstrated that cell suspensions

of S. oneidensis were able to enzymatically reduce unchelated

Np-(V) to insoluble Np(IV)(s), and that the addition of citrate

enhanced Np(V) bioreduction.20

Finally, the mechanism of plutonium reduction by

S. oneidensis MR-1 has also been studied, and it was demon-

strated that in the absence of complexants, very little Pu(III)

was produced from the enzymatic reduction of Pu(IV)(OH)4. By

contrast, in the presence of the complexant EDTA, most of the

Pu(IV)(OH)4(am) was reduced to Pu(III).21,22 Clearly, much work

remains to be done to fully understand mechanism and

environmental consequence of Pu hydrous oxide reduction in

this and other organisms.

The aim of the work described in this paper is to determine

if flavins can be used to accelerate the reduction of a range of

priority radionuclides by S. oneidensis. This information is

important to help elucidate the mechanisms of radionuclide

reduction in flavin-secreting metal-reducing bacteria, and also

to help inform biotechnological approaches for the efficient

bioremediation of radionuclide contaminated land and/or

wastewaters. Wild type cells of Shewanella oneidensis MR-1

were used, and in the case of U(VI) and Tc(VII), a mutant with

an in-frame deletion of gspD (ΔgspD) was used to identify the

potential role of outer membrane c-type cytochromes.

Material and methods
Bacterial strains and media

Shewanella oneidensis MR-1 was obtained from University of

Manchester Geomicrobiolgy group culture collection and the

Shewanella oneidensis targeted in-frame deletion mutant

(ΔgspD) was obtained from Thomas DiChristina (Georgia Tech,

USA).6 Starter cultures of the bacteria were cultured aerobically

in tryptic soy broth (Oxoid CM0876) for 10 h (30 °C) at 125

rpm and then transferred to a Shewanella minimal medium.3

In the case of the mutant, 50 µM of the antibiotic rifamycin

was added to the medium. The bacteria for experimental cul-

tures were grown to mid-exponential growth in Shewanella

minimal medium with DL-sodium lactate (100 mM) as the elec-

tron donor and sodium fumarate as electron acceptor (20 mM)

for 20 h at 30 °C under an atmosphere of N2.
2 Cell suspensions

were prepared for metal reduction assays by washing the cells

twice and resuspending them in 30 mM sodium bicarbonate

buffer (pH 7; degassed with N2 : CO2 (80 : 20)).

U(VI) reduction assay

U(VI) reduction assays were conducted in 30 mM sodium

bicarbonate buffer (pH 7) containing 500 µM U(VI) as uranyl

acetate. DL-sodium lactate was used as the electron donor

(10 mM) with or without the addition of 10 µM riboflavin as

an extracellular electron shuttle. Controls were also prepared

which contained no added electron donor or no cells. Sterile

solutions of electron donor, riboflavin and S. oneidensis MR-1

cell suspension or ΔgspD mutant cells were added anaerobi-

cally to the autoclaved and degassed buffer solution. Kinetic

studies were initiated by the addition of 0.2 ml of a standar-

dised suspension of cells of S. oneidensis MR-1 or the ΔgspD

mutant, resulting in a final assay density of 2 × 108 cells per

ml. All experiments were conducted in triplicate. The assay

tubes were incubated at 30 °C in the dark. At multiple time-

points samples were collected and the U(VI) content of the

supernatant (after centrifugation at 1 min, 9000g) was analysed

using a colorimetric assay with 2-(5-bromo-2-pyridylazo)-5-

diethylaminophenol.23

Tc(VII) reduction assay

The kinetics of Tc(VII) reduction by wild-type S. oneidensis

MR-1 and a ΔgspD mutant were determined using washed cell

suspensions. Tc(VII) reduction assays contained a final concen-

tration of 100 µM pertechnetate (CERCA, France) in pH 7,

30 mM sodium bicarbonate buffer purged with an N2 : CO2

(80 : 20) gas mixture. The electron donor used to support radio-

nuclide reduction in this study was DL-sodium lactate (10 mM).

In addition, 10 µM riboflavin was added as an electron shuttle.

Kinetic studies were initiated by the addition of 0.2 ml of a
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standardised suspension of cells of S. oneidensis MR-1 or the

ΔgspD mutant, resulting in a final assay density of 2 × 108 cells

per ml. All experiments were conducted in triplicate and incu-

bated at 30 °C in the dark. At multiple time-points, samples

(0.2 ml) were collected and centrifuged for 4 min at 7000g to

remove the cells and any precipitated radionuclide. An aliquot

of the supernatant (50 µl) was analysed for total Tc concen-

trations by liquid scintillation counting on a Packard Tri-Carb

2100TR. Another aliquot of the supernatant (100 µl) was also

complexed with tetraphenyl arsonium chloride (TPAC) and

then the TPAC-TcO4
− complex was extracted from the soluble

phase with chloroform, prior to liquid scintillation counting

(as above) to quantify the concentration of Tc(VII) in solution.18

Np(V) reduction assay

The kinetics of aqueous Np(V) reduction by the wild-type

S. oneidensis MR-1 were investigated by resting cell assays

using washed cell suspensions. All experiments were carried

out at pH 7, in 50 mM 3-(N-morpholino)propanesulfonic acid

(MOPS) buffer, that had been purged with a N2 : CO2 (80 : 20)

gas mixture. Three treatments were established (all with 11 μM

Np added as NpO2
+); (i) abiotic (without cells) containing

10 mM sodium lactate, (ii) biotic (with wild type cells) with

10 mM sodium lactate, and (iii) biotic (with wild type cells)

containing 10 mM sodium lactate and 10 μM riboflavin. All

medium constituents were sterilised by autoclaving or

<0.22 µm filtration (in the case of riboflavin) before use. The

biotic treatments were inoculated with washed S. oneidensis

MR-1 cells, resulting in a final assay density of 4 × 108 cells per

ml. All experiments were conducted in triplicate and incubated

at 30 °C in the dark. Periodically, samples (∼400 μl) were taken

aseptically using argon gas purged needles and syringes.

Thereafter, samples were centrifuged for 5 min at 7000g, and

then diluted into 2% HNO3 for determination of the total nep-

tunium concentration in solution by inductively coupled

plasma mass spectrometry (ICP-MS) with 232Th as an internal

standard. It was assumed that all Np remaining in solution

was present as Np(V).

An additional experiment to ascertain the Np oxidation

state at the end of the incubation in the biotic (with wild type

cells) treatment containing 10 mM sodium lactate and 10 μM

riboflavin was also established. Here, the Np concentration of

the starting solution was increased to 50 μM whilst all other

parameters remained unchanged. After 120 hours of incu-

bation the total amount of neptunium in solution was then

measured, and a cell pellet was harvested via centrifugation

(5 min at 7000g) under an inert atmosphere for subsequent

XAS analysis.

Neptunium LIII-edge X-ray absorption spectroscopy

Under an inert atmosphere the Np labelled cell-pellet was

mixed with boron nitride to attain a solid sample with

∼400 ppm Np. The sample was then carefully packed into an

airtight XAS sample tube and stored under an inert atmos-

phere at −80 °C prior to analysis. Neptunium XAS analysis was

conducted at the INE Beamline for actinide research at the

ANKA synchrotron light source, Karlsruhe, Germany. Neptu-

nium LIII edge XANES spectra were collected in fluorescence

mode by a 5 element solid-state geranium detector with the

sample maintained at cryo-temperatures throughout analysis.

Parallel measurements of a Zr foil were also taken in trans-

mission for energy calibration. Spectra summation and ana-

lysis was conducted using the ATHENA software.

Pu(IV) reduction assay

Pu(IV) reduction assays contained a final concentration of

1 mM 242Pu in 30 mM sodium bicarbonate buffer purged with

an N2 : CO2 (80 : 20) gas mixture. DL-sodium lactate (10 mM)

was used as an electron donor, with or without added ribo-

flavin (10 µM). Control solutions contained no cells. All experi-

ments were conducted in triplicate and incubated at 30 °C in

the dark. 242Pu concentrations were measured by liquid scintil-

lation counting.24 Solution concentrations in supernatant

samples were measured after centrifugation (14 000g, for

5 min). For 242Pu experiments, precipitates and cells were col-

lected by centrifugation (14 000g, for 5 min), dissolved in 1 M

HCl and UV-visible-near infrared spectra were recorded from

the resulting supernatants using the method described by

Boukhalfa and coworkers.21

Results
The influence of riboflavin on U(VI) reduction

Shewanella oneidensis MR-1 can reduce U(VI) under anoxic con-

ditions, which results in the precipitation of uraninite

(UO2).
11–13 Outer membrane-associated c-type cytochromes are

thought to be involved in U(VI) reduction,12 although the invol-

vement of secreted flavin redox shuttles has not been investi-

gated. To test if riboflavin could enhance the rate of U(VI)

reduction by S. oneidensis MR-1, 10 µM of the flavin was added

to cell suspensions and the impact on the rate of U(VI)

reduction was quantified. The added riboflavin had no signifi-

cant influence on the reduction rate of U(VI) by the anaerobi-

cally-grown wild type cells (Fig. 1), suggesting that addition of

the endogenous electron shuttle does not play a significant

role in enhancing reduction of this radionuclide. The cell

pellets collected in these cultures after centrifugation were

also stained black, indicating the likely formation of reduced,

insoluble uraninite.11 However, the ΔgspD mutant that was

unable to secrete outer membrane cytochromes required for

the reduction of extracellular electron acceptors, reduced U(VI)

at a slower rate than the wild type (Fig. 1). This ΔgspD mutant

reduced U(VI) at a slightly faster rate with 10 µM riboflavin

added, but the rate of uranium reduction did not reach the

reduction rate noted in the cultures of wild type cells.

The influence of riboflavin on Tc(VII) reduction

Shewanella oneidensis MR-1 couples the rapid reduction of

Tc(VII) to the oxidation of hydrogen, in common with other

well studied Tc(VII)-reducing cultures, but can also use lactate

as an electron donor for this reaction, albeit at a slower
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rate.18,25,26 To test if riboflavin accelerateds the reduction rate

of Tc(VII) by S. oneidensis MR-1 with lactate as an electron

donor (presumably coupling to electron transfer from c-type

cytochromes that are abundant in the cell), 10 µM of riboflavin

was added to resting cell suspensions challenged with Tc(VII).

The addition of 10 µM of riboflavin enhanced significantly the

rate of Tc(VII) reduction catalysed by the wild type S. oneidensis

MR-1 cells and also the ΔgspD mutant (Fig. 2). In the presence

of riboflavin, the MR-1 strain and the ΔgspD mutant were both

able to reduce ∼55% of the Tc(VII) within 22 h. In contrast,

without riboflavin both cultures reduced only 20% of the

Tc(VII) within this time period. Within 48 h ∼80% of the Tc(VII)

was reduced by both the MR-1 strain and the ΔgspD mutant,

and all the detectable Tc was reduced after 120 hours in the

presence of the added flavin. Without added riboflavin, there

was a clear difference in the amount of Tc(VII) reduced after

120 hours, with the wild type strain reducing 71% ± 6% com-

pared to only 40% ± 7% of the initial Tc(VII) in cultures of the

ΔgspD mutant (Fig. 2). A black cell-associated precipitate was

noted in all cultures where Tc(VII) reduction occurred consist-

ent with the formation of insoluble Tc(IV)O2.
27

The influence of riboflavin on Np(V) reduction

The reduction of Np(V) by Shewanella species has been noted

previously,19,20 although interestingly other Gram-negative

Fe(III)-reducing bacteria such as Geobacter sulfurreducens

cannot reduce this radionuclide.28 As the mechanism of Np(V)

reduction in Shewanella species remains poorly characterised,

Fig. 1 U(VI) reduction kinetics, with and without added riboflavin, by wild type S. oneidensis MR-1 cells and a mutant with an in-frame deletion of

gspD (ΔgspD) which is unable to secreted outer membrane cytochromes. 10 mM sodium lactate was supplied as the sole electron donor to pre-

grown cells. Controls had no cells or no electron donor included.

Fig. 2 Tc(VII) reduction kinetics, with and without added riboflavin, by wild type S. oneidensis MR-1 cells and a mutant with an in-frame deletion of

gspD (ΔgspD). 10 mM sodium lactate was supplied as the sole electron donor to pre-grown cells. Controls had no cells or no electron donor

included.
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in this study we investigated the impact of the addition of

10 µM riboflavin on the reduction of Np(V) by Shewanella onei-

densis MR-1. As shown in Fig. 3, the addition of 10 µM of ribo-

flavin enhanced slightly the rate of reduction of Np(V) by

S. oneidensis MR-1, which was mainly noticeable at the

24 hour time-point.

The wild type cells of S. oneidensis removed >90% of the

available Np from solution after incubation for 48 h. As shown

in Fig. 4, comparison of XANES spectra collected from experi-

mental cultures, with those from Np(V) and (IV) standards29,30

showed spectra from the 50 µM Np(V) experiment end point

were consistent with the presence of Np(IV). Specifically, the

XANES lacked the multiple scattering feature on the high

energy side of the absorption edge which is attributed to scat-

tering along the neptunyl axial oxygens. Indeed, a simple two

end-member linear combination model of the sample between

the oxic Np(V) and reduced Np(IV) standards, suggested 80% of

the Np was speciated as Np(IV). This highlighted the domi-

nance of Np(IV) in these systems with only a modest, if any,

contribution from Np(V) sorption, and confirmed the reductive

precipitation of Np(V) to Np(IV).

The influence of riboflavin on Pu(IV) reduction

Previous studies have shown that washed cell suspensions of

Shewanella oneidensis MR-1 produce very little Pu(III) enzymati-

cally from Pu(IV)(OH)4,
21,22 whereas the presence of the com-

plexant EDTA enhances the reduction of the Pu(IV)(OH)4(am)

to Pu(III),21 presumably by increasing the solubility and bio-

availability of Pu(IV). To determine if the addition of riboflavin

enhances the reduction of Pu(IV), 10 µM of riboflavin was

added to washed cell suspensions with 1 mM Pu(IV), and the

ability of the cells to reduce the radionuclide investigated.

Fig. 3 Np(V) reduction kinetics with and without added riboflavin (10 µM) by wild type cells of S. oneidensis MR-1 in the presence of 10 mM sodium

lactate as the sole electron donor. Controls had no cells included.

Fig. 4 Neptunium LIII-edge XANES spectra collected from the 50 µM Np experiment alongside pure oxidation state Np(V) and Np(IV) standards from

the AcReDaS database.29,30
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Plutonium was removed rapidly from solution (within

10 min).22 After 24 h incubation, UV-visible-near infrared

spectra of the dissolved cell pellets (Fig. 5) were altered, with

increases in the amplitude of diagnostic peaks for Pu(III) at

561, 601 and 1025 nm associated with the cell suspensions

supplemented with lactate or lactate and riboflavin.22 The

diagnostic peaks for Pu(III) at 601 nm and 1025 were missing

in the control samples without electron donor and without

cells, while the third peak at 561 nm showed a higher intensity

in the samples with and without riboflavin compared to the

control samples. Additionally, the intensity of the diagnostic

peaks of Pu(III) in the sample containing riboflavin were much

higher than without riboflavin, confirming that riboflavin

accelerates Pu(IV) reduction by S. oneidensis MR-1.

Discussion

The secretion of endogenous flavin electron shuttles by Shewa-

nella species has been shown to promote the dissimilatory

reduction of extracellular electron acceptors including poorly

soluble Fe(III) oxides2,9 and anodes in microbial fuel cells.10,31

However, the impact of secreted flavin molecules on the redox

state of radionuclides has not been studied intensively to date,

even though in many cases they may be present at the surface

of microbial cells; microbial uptake of actinides into the

microbial cell remains a controversial subject, and bioavailable

U(VI) can be sorbed to minerals in contaminated land.32 The

information provided here is important to help understand

the mechanisms of electron transfer to contaminant metals

and radionuclides, and to aid in the design and optimisation

of bioremediation approaches. Shewanella species have the

widest radionuclide substrate range of metal-reducing prokar-

yotes studied to date, are able to mediate Tc(VII) reduction via

novel non hydrogenase-mediated mechanisms and also have

the capacity to enzymatically reduce Np(V), unlike the few

Geobacter species that have been studied.19,25,28 The aim of our

study was to identify novel mechanisms of radionuclide

reduction in Shewanella oneidensis MR-1, and in particular to

investigate the influence of riboflavin on the reduction of the acti-

nides U(VI), Np(V) and Pu(IV) as well as the fission product Tc(VII).

The addition of 10 µM riboflavin increased significantly the

reduction rate of Tc(VII) by wild type cultures of S. oneidensis

MR-1, while having a more modest, but significant, impact on

the reduction rate of Np(V). In addition, more Pu(III) was also

detected in the presence of riboflavin than without (17% to

3%). Interestingly, there was no significant change in the

reduction rate of U(VI) by S. oneidensis MR-1 when riboflavin

was added, suggesting that under the conditions of study,

secreted flavins do not play a significant role in mediating

U(VI) reduction by this organism. This is in contrast to a study

on a potential flavin mononucleotide (FMN)-mediated electron

pathway for microbial U(VI) reduction by Shewanella putrefa-

ciens (ATCC 8072), which suggested that the addition of FMN

promoted U(VI) reduction.15 It is noteworthy that there were

several key differences between this study and our experi-

ments: another Shewanella strain was used, with FMN (instead

of riboflavin), which was added at higher concentrations

(50 µM and 500 µM), and in combination with U(VI) citrate

(instead of uranyl acetate in our experiments). Thus direct

comparisons are difficult, although these data do suggest that

very high concentrations of flavin molecules could enhance

U(VI) reduction in some experimental systems.15

Our results also demonstrated that a Shewanella oneidensis

ΔgspD mutant reduces U(VI) and Tc(VII) at slower rates than the

wild-type. The S. oneidensis ΔgspD mutant, that lacks a func-

tioning type II protein secretion systems, is also incapable of

reducing iron(oxy)(hydr)oxides and Mn(IV) oxides at wild-type

rates.6,33 These data are to be expected as the outer membrane

c-type cytochromes of S. oneidensis MR-1 (e.g. MtrC, also

known as OmcB and OmcA) are thought to be essential for

lactate-dependent reduction of Fe(III), and also U(VI) and

Tc(VII), presumably mediated at the cell surface.12,18 Indeed,

these electron transfer proteins are translocated across the

outer membrane to this site by the type II protein-secretion

pathway.7 The disruption of the type II secretion system in the

S. oneidensis ΔgspD mutant seemingly prevents the delivery of

the c-type cytochromes to this key exposed and reactive com-

partment of the Gram-negative bacterial cell, thus lowering the

rate of reduction of U(VI) and Tc(VII).

It was demonstrated previously that the addition of the

humic analogue and extracellular electron shuttle anthra-

quinone-2,6-disulfonate (AQDS) reinstates the ability of the

ΔgspD mutant to reduce extracellular insoluble Fe(III) oxides.6

Fig. 5 UV-visible-near infrared absorbance spectra of cell pellets of

wild type cells of Shewanella oneidensis MR-1 dissolved in 1 M HCl from

cultures containing 1 mM Pu(OH)4 incubated for 24 h at 30 °C and pH

7.0. Lactate was supplied as an electron donor, where indicated, at

10 mM while riboflavin was supplied at 10 µM. Controls had no cells or

no electron donor included. Spectral features at 561, 601 and 1025 nm

(*) are characteristic for Pu(III) and are present in the samples of wild

type cells with and without riboflavin.
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Our results showed that the addition of riboflavin to cultures

of the ΔgspD mutant also results in an increase in the rate of

Tc(VII) reduction, restoring it to the levels noted for the wild-

type cells. Thus, the reduction of Tc(VII) may be mediated

directly by (reduced) riboflavin, which would have access to c-

type cytochromes that were not secreted, for example CymA

which is localised to the periplasm of the Gram-negative cell.34

Similar predictions can be made for the actinides Np(V) and

Pu(III), on the basis of enhanced reduction in the wild type cul-

tures, when riboflavin was added. Clearly further work is

required on these more radiologically challenging elements, to

help define the precise mechanism of bioreduction in Shewa-

nella cultures, and other environmental systems. However, the

situation with uranium is distinct, and here the rate of

reduction of U(VI) by the ΔgspD mutant did not reach the same

rate noted in the wild-type cultures even in the presence of

riboflavin. This suggests that the outer membrane c-type cyto-

chromes of S. oneidensis MR-1 most likely play a defining role

in the direct reduction of U(VI) at the cell surface which cannot

be compensated for by the addition of the electron shuttle.

This is consistent with other studies, which have shown that

the correct processing of surface exposed outer membrane

c-type cytochromes is a key determining factor in extracellular

electron transfer in S. oneidensis MR-1.35 This would not seem

to be true of Tc(VII) and potentially Np(V) and Pu(IV), and it

seems for these radionuclides riboflavin can likely mediate

directly between the enzymatic electron transfer machinery of

the cell and the radionuclide. This is in contrast to U(VI),

which seems unlikely to couple directly to the reduced flavin

molecule under the conditions used in our experiments. It is

conceivable that the reduced riboflavin-Tc(VII) interactions

could be in free solution, or mediated by flavin groups bound

to the outer membrane cytochromes as noted recently.36

Shewanella species and other microorganisms37 that

actively secrete flavins and use them as electron shuttles could

have an adaptive advantage in environments that contain sig-

nificant concentrations of metals and radionuclides that are

not easily to access (e.g. intergrain areas38 or low porosity

rocks and mineral assemblages). The concentration of flavins

secreted by anaerobically grown cultures of S. oneidensis was

measured at the relatively low levels of 0.1 to 0.6 µM, but it is

expected that the local concentrations of secreted flavins in

microenvironments such as biofilms or micropores in min-

erals are potentially much higher, approaching the levels used

in our experiments.2 However, the addition of riboflavin (avail-

able in large quantities as a relatively inexpensive food addi-

tive) could also be used to accelerate the bioremediation of

radionuclide contaminated environments, for example in sedi-

ments contaminated with Tc(VII) and Np(V). Pure culture

experiments such as those described here can help identify the

fate of key radionuclides in environmental systems, and the

underpinning mechanisms catalysing biocycling reactions.

Although it is clear that there is a need for follow up experi-

ments on more complex environmental systems, including

those using mixed microbial consortia, realistic groundwater

chemistries and appropriate sediment/mineral phases, it

should be noted the reductive endpoints for U, Np, and

Tc,39–41 and potentially Pu22,42 noted in these experiments are

broadly in line with those recorded in sediment microcosms

that have been driven anaerobic by complex, extant microbial

communities. With advances in analytical tools for flavin ana-

lyses in complex environmental systems, and the use of sensi-

tive meta-omic tools targeting flavin secretion pathways, and

other electron transfer systems, it should be possible to assess

the precise role of these pathways in controlling radionuclide

species in anoxic systems.
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