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Abstract 
Uranium bio-transformations are the many and varying types of interactions 
that microbes can have with uranium encountered in their environment. In 
this review, bio-transformations, including reduction, oxidation, respiration, 
sorption, mineralization, accumulation, precipitation, biomarkers, and sen-
sors are defined and discussed. Consensus and divergences are noted in bio-
availability, mechanism of uranium reduction, environment, metabolism and 
the type of organism. The breadth of organisms with characterized bio-trans 
formations is also cataloged and discussed. We further debate if uranium bio-
transformations provide bio-protection or bio-benefit to the microbe and 
highlight the need for more work in the field to understand if microbes use 
uranium reduction for energy gain and growth, as having the ability is sepa-
rate from exercising it. The presentation centers on the fundamental drivers for 
these processes with an additional exposition of the essential contribution of 
inorganic chemistry techniques to the molecular characterization of these bi-
ological processes. 
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1. Introduction 

Metals are an essential part of life comprising cofactors, nutrients, chlorophyll, 
electron acceptors and donors, color creators and more. Although man has used 
metals extensively since copper was discovered in 9000 B.C.E., we are just begin-
ning to appreciate the ability of biology to manipulate metals [1]. Uranium is not 
considered an essential metal for biological processes, but has become an essen-
tial part of lifestyle in the 20th century through the development of nuclear tech-
nologies from weapons to clean energy to medicine. Uranium is the largest sta-
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ble element found on the planet Earth. While radioactive, the half-life is 4.5 bil-
lion years, meaning that it decays very slowly. Uranium is found naturally 
throughout the Earth’s crust with an average of 2.7 mg of uranium per kg of 
crust. Although uranium concentrations are much higher in naturally-occurring 
uranium deposits, some of which are mined for uranium [2] [3], in the Earth’s 
crust, uranium is found mostly in mineral complexes [4]. 

Despite the low-level natural abundance of uranium in soils, human activities 
have introduced dramatically high concentrations of uranium to water and soils 
near uranium mines, near other metal mines that also have high uranium con-
tent, near nuclear weapons manufacturing and testing sites, and near nuclear 
power plants—creating high concentrations of uranium in formerly pristine sites 
[5]. The vast majority of the human-introduced uranium has been a relatively 
recent activity. It started with the atomic age beginning in the 1930’s and esca-
lated after the conclusion of World War II into the Cold War. Still today, more 
countries are attempting to make nuclear weapons or use nuclear power. These 
contaminated areas sometimes represent a significant global threat to human 
and environmental health and safety, demanding a need for remediation or im-
mobilization by non-intrusive methods. Although the contaminating uranium is 
often depleted in the fissile 235U and, therefore, does not present a severe radio-
logical risk, but 238U is still a highly toxic heavy metal [6]. Uranium poisoning 
affects humans by oxidatively damaging cells causing non-malignant respiratory 
disease and nephrotoxicity [7]. For the eco-systems at these sites, uranium pre- 
sents a significant challenge. Although uranium can be adsorbed to roots and be 
taken up by plants, processes that were initially considered possible remediation 
strategies, the toxic metal ultimately harms the plant [8] [9]. Similar damage oc-
curs to microbes in that uranium causes oxidative damage to the cell and the 
DNA. However, despite the high toxicity and potential radiation damage from 
uranium, some naturally-occurring microbial communities have the ability to 
survive, and even thrive, in highly contaminated uranium conditions. These ca-
pacities yield the desired non-intrusive remediation or immobilization methods 
[10] [11]. 

The ability to persist in a uranium contaminated environment is achieved 
through a number of different types of bio-transformations, typically chemical 
transformations of the metal carried out by a microbe. Microbes have been ob-
served reducing, oxidizing, respiring, adsorbing, mineralizing, accumulating or 
precipitating uranium in the environment [12]. These interactions have been 
investigated as remediation strategies and in some cases characterized molecu-
larly as unique chemical transformations and electron flow pathways. Microbes 
of all shapes and sizes have been found to have different interactions with ura-
nium from Proteobacteria to fungi [13] [14]. The widespread nature of the bio- 
transformations of uranium both geographically and by various microbial fami-
lies brings into question whether the bio-transformations are biologically or 
chemically driven? In other words, is any organism in the right redox environ-
ment capable of transforming uranium and are there biological advantages to 
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the organisms carrying out these bio-transformations? An open question for re-
searchers in the field has been whether these transformations are detoxification, 
resistance or just accidents of chemistry? 

Previous reviews have discussed uranium reduction [12], uranium bioremedi-
ation methods [13] [15], uranium geochemistry, mineralization and groundwa-
ter transport [3] [16]. While all substantial and important reviews, the previous 
work has focused only on the most well-known organisms and do not consider 
the drivers of these processes or the biological benefit to the microbe beyond 
mentions of possible detoxification. In this review, we expand beyond the more 
commonly presented reduction and remediation to provide a current list of re-
ported/characterized uranium bio-transformations as defined in Table 1 and 
schematized in Figure 1 and Figure 2 and to provide a broader but non-ex- 
haustive list of the organisms that carry out these chemical reactions in Table 2. 
In Table 3, we provide examples of the chemical reactions of representative ura-
nium bio-transformations. We begin by examining the process of uranium re-
duction including the organisms, locations, mechanisms and rates. Then, we ex-
plore if uranium reduction is a form of cellular respiration or detoxification. In 
the second section we outline and define additional bio-transformations of ura-
nium that include sorption, bio-markers and nanoparticle synthesis. We con-
clude by presenting the contributions of classical inorganic chemistry techniques 
to understanding uranium bio-transformations and by making suggestions 
about the chemical and biological drivers of this unique and surprising reaction 
between an actinide that is radioactive and toxic and many naturally-occurring 
microbes. 
 

Table 1. Bio-transformations of uranium summary and definitions. 

Bio-Transformation Definition/Description Synonyms in Literature 

Bio-Accumulation Concentration of U inside a membrane Bio-sorption 

Bio-Detoxification 
An organism changing the state or location of U for purpose 
of detoxification 

Resistance 

Bio-Marker 
(Isotope Fractionation) 

Difference in U isotopic composition as a direct result of 
interaction with an organism compared to that naturally observed 

 

Bio-Mineralization 
Enzymatically catalyzed formation of U-containing minerals 
(e.g. uraninite, autunite) 

Bio-reduction, Bio-precipitation 

Bio-Nanoparticle Synthesis 
Particles, wires, fibers that are made by an organism and are 
on nano-scale 

 

Bio-Oxidation 
Chemical oxidation state change caused by electron donation 
from U to an organism 

 

Bio-Precipitation Microbial based formation of solid state U Bio-Reduction, Bio-Mineralization 

Bio-Reduction 
Chemical oxidation state change caused by electron donation 
from an organism to U 

Bio-precipitation, Bio-Mineralization 

Bio-Respiration Microbial use of U as terminal electron acceptor for growth Sometimes Bio-Reduction & Oxidation 

Bio-Sensing  
Use of bio-products or organisms to detect U in environmental  
setting, fluorescent signal 

 

Bio-Sorption Binding of U to organism or organism produced substance Bio-Accumulation 

Bio-Stimulation 
Adding substrate to an environmental system to enhance 
U remediation 

Bio-Augmentation 
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2. Bio-Transformations of Uranium 
2.1. Uranium Reduction 
2.1.1. Locations of and Organisms Capable of Uranium Reduction 
Uranium reduction is the most mentioned form of microbial-based bio-trans- 
formation of uranium recorded in the literature. Uranium reduction is the 
process by which an organism chemically reduces uranium in the environment 
(or lab) from the VI oxidation state by a two electron process to the IV oxidation 
state. U(VI), the ionized species 2

2UO + , is soluble in water while U(IV), unionized 
UO2, is insoluble (Table 3) [17]. This observation initially generated excitement 
as a potential bio-remediation or immobilization strategy. However, the reduced 
uranium could easily be reoxidized when environmental conditions changed 
and, therefore, simple reduction did not present a long-term remediation ap-
proach [18] [19] [20] [21]. Uranium reduction and geochemistry has been re-
viewed before [3] [12] [13] [16] so here we build on the recent studies. 

Uranium reduction is truly a global phenomenon and has been observed in 
multiple sites in the U.S. [10], China [22], France [23], Germany [24], South 
Africa [25], U.K. [26], Australia [2] and likely many others. Uranium reduction 
was originally thought to be possible only in anaerobic, reducing environments 
and carried out by known metal-reducing organisms [27] [28]. However, the 
perception of what organisms can reduce uranium has expanded considerably 
over the last two decades. Naturally, uranium reduction appears to occur at sites 
with high uranium concentrations, like acid-mine drainage or contaminated se-
diments. This contaminant has been shown to be a significant factor in microbi-
al community formation creating communities that while less diverse, are more 
stable than communities in non-contaminated environments [29]. Uranium 
contamination drives distinct microbial community formation, but there are 
similar members when communities are compared globally [30]. The list of mi-
crobes now includes α, β, γ, and δ-Proteobacteria, Firmicutes, Actinobacteria 
and fungi and is detailed in Table 2. As an example, almost every class of mi-
crobes listed in Table 2 was found in the contaminated groundwater from the 
Oak Ridge Reservation, Oak Ridge, TN [9]. The first identified organisms capa-
ble of uranium reduction were already known metal reducers, primarily iron 
reducers. In the early 1990’s, microbial reduction of uranium was first reported 
for iron-reducing bacterial Geobacter species and followed closely by the sul-
fate-reducing bacterium Desulfovibrio desulfuricans [17] [31]. The third mem-
ber of the “big three genera” in uranium reduction was Shewanella. Table 2 lists 
six Geobacteracae strains, six Desulfovibrionales, five Shewanella strains that 
have been identified to reduce uranium. 

Other dissimilatory metal-reducing bacteria have also been shown to reduce 
uranium including Anaeromyxobacter dehalogens, which was found to tolerate 
higher oxygen concentrations and to associate with soil particles resulting in a 
different eco-physiology from the commonly seen uranium reducers [32] [33]. 
Diverging from the trend of Gram-negative Proteobacteria, strains of the Gram- 
positive spore-forming genus Desulfitobacterium reduce uranium to mononuclear  
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Table 2. List of organisms and their bio-transformations of uranium. 

Organism Name Type of Microbe Class/Order 
Anaerobe 
or Aerobe 

Biotransformation 
Process (es) 

References 

Geobacteracae  Delta-proteobacteria Desulfuromonadales Anaerobe Reduction [13] [43] 

Geobacter bemidjiensis, 
G.daltonii, G. lovleyi, 
G. metallireducens GS-15, 
G. sulfurreducens PCA, 
G. uraniireducens 

    
[44] [45] [46] 

Sulfate-Reducing Bacteria Delta-proteobacteria Desulfobacterales Anaerobe Reduction 
 

Desulfobacter postgateii, 
Desulfovibrio alaskensis 
strain G20, D. desulfuricans, 
D. vulgaris Hildenborough, 
D. vulgaris oxamicus, 
D. vulgaris vulgaris, 
Dv/Clostridia mixed 
culture, UFZ B 490 

    

[44] [47] [48] 
[49] [50] [51] 

Shewanella Gamma-proteobacteria Alteromonadales Anaerobe Reduction 
 

Shewanella alga strain BrY, 
S.oneidensis MR-1, 
S. putrefaciens CN32, 
S. sp. HRCR-1, 
S. HRCR-6, S. spp. 

   
Reduction 

[20] [52] [53] 
[54] [55] 

Other Microbes 
     

Acidithiobacillus 
ferrooxidans Gamma-proteobacteria Acidithiobacillales Both Sorption, respiration [56] 

Acidovorax facilis Beta-proteobacteria Burkholderiales Aerobe 
Sorption, intracellular 
accumulation 

[57] 

Anaeromyxobacter 
dehalogenans strains 
FRC-W, FRC-R5, 
2CP-C, K 

Delta-proteobacteria Myxococcales 
Facultative 
Anaerobe 

Reduction 
[9] [11] [32] 
[33] [58] [59] 
[60] [61] [62] 

Arthrobacter sp. Actinobacteria Actinomycetales Anaerobe Mineralization [63] [64] 

Bacillus subtilis, 
sp. dwc-2 

Firmicutes Bacillales Aerobe 
Sorption, Reduction, 
Accumulation 

[36] [65] 

Burkholderia fungorum Beta-proteobacteria Burkholderiales Aerobe Respiration [66] 

Caulobacter crescentus Alpha-proteobacteria Caulobacterales Aerobe Mineralization 
[37] [67] [68] 
[69] [70] 

Cellulomonas sp. Actinobacteria Micrococcineae 
Facultative 
Anaerobe 

Reduction [71] [72] 

Citrobacter sp. Gamma-proteobacteria enterobacteriales Anaerobic 
Precipitation, 
accumulation 

[73] 

Dechlorosoma suillum Beta-proteobacteria Rhodocyclales 
Facultative 
Anaerobic 

Oxidizes iron and 
the iron oxides 
adsorb and ppt U 

[74] 

Desulfitobacterium 
sp. strain Viet1 

Firmicutes Clostridia Anaerobe  Reduction [34] [58] [59] 
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Continued 

Desulfuromonas  
acetoxidans 

Delta-proteobacteria Desulfuromonadales Anaerobe  Reduction [75] 

Geotrichum sp. dwc-1 Fungi Saccharomycetales 
 

Sorption, 
Accumulation 

[14] 

Microbacterium 
oleivorans A1, 
M. oxydans 

Actinobacteria Actinomycetales Anaerobe Mineralization [64] [76] 

Pelosinus sp. strain UFO1 Firmicutes Selenomonadales Anaerobe Sorption [77] 

Saccharomyces cerevisiae Yeast 
 

Aerobe Sorption [78] [79] [80] 

Serratia sp.  Gamma-proteobacteria Enterobacteriales 
Facultative 
Anaerobe 

Mineralization [81] [82] 

Staphylococcus 
aureus LZ-01 Firmicutes Bacillales Facultative 

Aerobe 
Sorption [83] 

Streptomyces 
longwoodensis Actinobacteria Actinomycetales Aerobe Sorption [84] 

Talaromyces emersonii Fungi Trichocomaceae 
 

Sorption [85] 

Thiobacillus denitrificans Beta-proteobacteria Hydrogenophilales 
Facultative 
Anaerobe 

Oxidation [86] 

 
U(IV) not to the mineral uraninite [34]. Uranium reduction by other Gram- 
positive spore-forming Clostridium species was optimal in the pH of 4 - 6 with 
most being over pH 5 [35]. The authors of this review questioned if uranium 
reduction is a strictly anaerobic process because U(IV) exposure to air is readily 
converted to U(VI). However, aerobic organisms, a Bacillus [36] and a Caulo-
bacter [37], have also shown uranium reduction capacity. Additionally many of 
the well-known uranium reducers are facultative anaerobic organisms that live 
in suboxicconditions (Table 2), but a pyrosequencing study comparing uranium 
reducing communities in suboxic and anaerobic conditions identified more ura-
nium reducing organisms in anaerobic conditions [38]. This suggests that the 
uranium reduction process proceeds more readily in anoxic conditions, but is 
possible in suboxic and oxic conditions. 

The amount of oxygen in the environment is tied to the redox state. Iron re-
ducers, sulfate reducers, nitrate reducers and other types of metal-reducing bac-
teria depend on an environment tuned to the redox potential of their metabol-
ism in order to respire and gain energy. Sulfate reducers and iron reducers re-
quire a redox potential of about −200 mV, while nitrate reduction happens 
around +700 mV [39]. Uranium reduction requires reducing conditions, at least 
reducing enough—based on the electrochemistry or redox potential—to reduce 
U(VI) to U(IV). The reduction potential of the reaction is also dependent on the 
complexation of the metal, the pH of the solution and the concentration of ion. 
The redox potential has been measured in abiotic electrochemical studies. The 
redox couple of U(VI) to U(IV) has a reduction potential of about ~−500 mV 
when measured in phosphoric acid [40]. In perchloric acid, the redox couple of 
uranyl ion from U(VI) to U(V) was measured at −140 mV [41]. When a the 
uranyl ion was complexed with organic acids in acidic pH, the redox potential of 
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the U(VI) to U(V) ranged from −270 mV to −510 mV [41]. Under environmen-
tally relevant conditions, the redox potential of microbial terminal electron ac-
ceptors and uranyl hydroxides, chlorides, and carbonates were measured. The 
redox couple of U(VI)/U(IV) for these uranyl species ranged from −130 mV to 
−60 mV [42], easily accessible for dissimilatory metal reducing organisms. The 
two electron reduction in environmental is at a slightly higher potential than to 
the actual proteins, which are discussed below, that the many diverse organisms 
use to reduce uranium. The electron transfer proteins and molecules of anae-
robic organisms, such as cytochromes, quinones and blue copper proteins, typi-
cally have redox potentials in the −300 mV to −200 mV [1]. Since the proteins 
that reduce uranium are at a lower potential than uranyl ion complexes, the re-
duction reaction is thermodynamically favorable. If any of these proteins con-
tacted the environmental uranium species in a functional configuration, electron 
transfer and thereby reduction would happen. The pH of the soil or groundwa-
ter and complexation ions of the uranyl ion in the environment poise the redox 
potential for uranium reduction at a value that is physiologically relevant for 
many environmental organisms. Therefore many organisms can be uranium 
reducers without evolving special mechanisms for uranium because they already 
have the electron transfer proteins at the right redox potential. 

As different organisms live at different regions in the soil corresponding to the 
redox gradient, there is also a priority of substrates or metabolic pathways em-
ployed during uranium reduction. Also, since species of iron-reducing, sul-
fate-reducing, and nitrate-reducing bacteria can reduce uranium, natural com-
munities including these bacteria can switch between active metabolic states 
based on availability of electron donors and acceptors while maintaining ura-
nium-reducing conditions. While studying which members of the Geobacteracae 
family reduce uranium, it was observed that uranium was reduced under iron- 
reducing and sulfate-reducing conditions, but iron reduction happened first and 
then the community switched to sulfate reduction [87]. This priority order can 
be attributed to the redox and energy potentials of Fe(III) and sulfate, with iron 
being more energetically accessible. Another study under ethanol amended con-
ditions found the same priority order of substrates, electron acceptors, nitrate, 
ferrous iron, sulfate and finally methane production, where 60% of the uranium 
reduction occurred during iron reduction phase [88]. Fe(III) amendments have 
also been shown to decrease the population of sulfate-reducing bacteria while 
stimulating uranium reduction [89], while in other cases, the ferrous iron 
amendments were reported to limit uranium reduction [90]. After sulfate reduc-
tion, phases other than methanogenesis have been observed where Firmicutes 
dominate and carry-out biosorption rather than reduction on the remaining 
uranium [91]. An unusual example is the sulfate-reducing strain UFZ B 490, 
which can grow under nitrate-reducing conditions and still reduce uranium, but 
prefers to grow with sulfate [50]. Uranium reducers represent a diverse group of 
organisms that are found globally and at a wide span of redox potentials in the 
environment. 



E. L.-W. Majumder, J. D. Wall 
 

35 

 
Figure 1. Mechanisms of uranium reduction. Mechanisms of uranium reduction. Reduc-
tion by: 1) Conductive pili or pili with cytochrome proteins; 2) Precipitation on outer- 
membrane; 3) Outer-membrane cytochrome proteins; 4) Electron flows coming from 
quinone pool or hydrogenases and leading to periplasmic or outer-membrane cytoch-
rome proteins; 5) Precipitation with periplasmic cytochrome proteins; 6) Transport 
through porins and efflux proteins; 7) Thioredoxin involved cytoplasmic reduction path- 
way; 8) Uranium damaging DNA through oxidative damage. 

2.1.2. Mechanisms of Uranium Reduction 
There are several proposed mechanisms of uranium reduction that vary signifi-
cantly by species, suggesting that there are no unique, special or evolved proteins 
specifically for uranium reduction, but rather a process that can happen when 
the conditions are right. Since, uranium is a heavy metal with redox dependent 
solubility, many mineral forms and many soluble chemical species exist making 
the landscape of reduction mechanisms complex and highly variable by organ-
ism and environmental condition (Table 3). However variable, all the mechan-
isms are a two electron reduction process. Studies on the mechanism of uranium 
reduction in Geobacter have suggested a one electron reduction to a pentavalent 
intermediate as a distinct pathway from the standard two electron reduction 
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[92]. The U(V) is short lived and goes on to become U(IV) either by a second 
reduction step or by disproportionation of 2U(V) [92]. Density Functional 
Theory calculations have also indicated a U(V) intermediate originating from a 
Geobacter cytochrome-based uranium reduction method that also finishes with 
a disproportionation step [75]. Differences in intermediate states will help dis-
tinguish mechanisms in many species in the future. The variety of uranium re-
duction mechanisms employed that have been studied biochemically and genet-
ically are further supported by evidence from the end point mineral forms of the 
reduced products. Gram-positive bacteria had different mineral endpoints than 
Gram-negative. Tests found a variety of carbon complexing minerals or small 
particulate uranium forms produced with Gram-positives [59]. These results 
suggest that since different genera use different mechanisms of uranium reduc-
tion, they may produce different reduced uranium minerals. However, diverse 
Gram-negative dissimilatory metal-reducing bacteria all produced structurally 
similar, but not identical, uraninite indicating that similar mechanisms may be 
employed by different proteins in metal-reducing bacteria [62]. 

The dominant mechanism for this two electron reduction involves the dona-
tion of electrons from cytochrome c proteins to soluble U(VI). Several cytoch-
rome and heme containing proteins have been implicated in uranium reduction. 
This mechanism is not altogether surprising if we consider the abiotic reactions 
of uranium and iron. As inorganic metals in the environment, iron in the ferrous 
form, alone or as part of secondary minerals, can readily reduce uranium [93] 
[94]. Reactions and remediation strategies relying on iron-oxide minerals, zero- 
valent iron or iron nanoparticles have been used to reduce and therefore immo-
bilize uranium (Table 3) [74] [95]. Iron sulfides can also reduce uranium [96]. It 
follows then that in a biological system many of the proposed proteins involved 
in uranium reduction are multiheme cytochromes with fairly low reduction po-
tentials. 

Outer membrane and periplasmic cytochromes have been implicated strongly 
the uranium reduction in some organisms (Figure 1.3-1.5). Notable cytoch-
romes are the octaheme outer-membrane cytochrome OmcZ from Geobacter, 
decaheme MtrC from Shewanella and tetraheme cytochrome c3 from Desulfovi-
brio species [49] [97] [98]. The Geobacter OmcZ has a redox potential of −200 
mV, and MtrC and OmcA cytochromes from Shewanella function in range +100 
to −500 mV. These cytochrome redox potentials are low enough to reduce ura-
nium. The Geobacter family genome is packed with dozens of multiheme cy-
tochrome proteins, and several studies have investigated which cytochromes are 
involved in uranium reduction. In a transcriptome analysis of Geobacter uranii-
reducens grown in uranium contaminated soils, an upregulation of 34 cytoch-
rome genes was documented, several of which had been implicated in the reduc-
tion process [99]. Deletion of certain outer membrane cytochromes in Geobacter 
could diminish uranium reduction by as much as 60%, but was not true for all 
outer membrane cytochromes, as deletion of omcB or omcC did not alter the 
rate or extent of uranium reduction [32]. Periplasmic cytochrome MacA, a di-
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heme c-type cytochrome peroxidase also in Geobacter was needed for any U(VI) 
reduction and up to 30% of the reduced uranium was found accumulated in the 
periplasm [97]. Recently, proteomics analysis identified one of the Geobacter 
cytochromes involved in uranium reduction as GscA [100]. In Shewanella, which 
also a heme-rich organism, outer membrane cytochrome UndA is thought to be 
involved in metal reductions, including uranium [101]. In Desulfovibrio species, 
uranium reduction pathways involve the type 1 tetraheme cytochrome c3 and 
evidence of precipitates of cytochrome c3 and uranium were found [47] [102]. 
Cytochrome proteins from Geobacter, Shewanella and Desulfovibrio species 
have been shown to be crucial for uranium reduction. 

For the outer membrane cytochromes, the mechanism of reduction is simply 
the idea that a uranium molecule has access to the source of electrons and they 
are transferred solely based on the principles of redox chemistry (Figure 1.3). 
For the periplasmic soluble cytochromes, uranium must first pass through the 
outer membrane (Figure 1.6). Generally this movement is considered to occur 
through porins that allow molecules less than about 900 Da to pass indepen-
dently of specific transport functions [103]. What chemical species of uranium is 
entering the cell and through what transporter or pore remains to be deter-
mined. The uranium atom alone has a similar size to zinc, but environmentally 
most uranium is bound as a soluble species, usually with carbonates, which 
would make oxy-ion transporters more likely. Nevertheless, when uranium ran-
domly contacts a low-potential cytochrome in the periplasm, reduction is ex-
pected to happen spontaneously. Interestingly, as is observed with some mineral 
forms in nature, after the reduction, some of the cytochrome proteins are preci-
pitated with the now insoluble U(IV) and complexes have been observed by 
TEM lining the inner-membranes of the periplasm (Figure 1.5) [47] [102]. 

More recent work has uncovered another non-metal dependent mode of ura-
nium reduction involving the pili proteins of Geobacter (Figure 1.1). Work 
from the Reguera group has shown that the pili enhance the capacity of the cells 
to immobilize uranium and that most uranium precipitates on the pili protecting 
respiratory functions operating in the periplasm and cytoplasmic membrane 
[104]. Without the pili, more uranium appeared to precipitate in the periplasm, 
likely damaging the cell (Figure 1.2) [43]. Furthermore, the pili-precipitated 
uranium was mononuclear with carbon-ligands; whereas, periplasmic uranium 
had phosphate ligands, consistent with different reduction mechanisms in the 
different areas of the cell [43]. The periplasmic U(VI) mineralization is likely 
mediated by the periplasmic facing outer-membrane cytochrome-containing 
membrane protein complexes [104]. The pili mechanism of reduction has been a 
major development in the understanding of uranium reduction mechanisms, but 
more broadly in bacterial extracellular electron transfer [105]. The pili have such 
a geometry of charge-friendly amino acid side chains that they are able to con-
duct electrons and deliver them to uranium which binds to the pili reversibly in 
negatively-charged metal binding pockets [106]. This is a very beautiful me-
chanism that may contribute the majority of uranium reduction in organisms 
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with the special-architectural pili because the pili extend much further off the 
cell into the extracellular matrix. As with any new mechanism, it is not without 
its critics who maintain that cytochromes must be present for reduction to hap-
pen [107]. Supporting the conductive pili mechanism, the pili were found to en-
hance uranium reduction within Geobacter biofilms [108] [109]. 

Intracellularly, an unusual thioredoxin containing operon has been proposed 
to be responsible for uranium reduction in Desulfovibrio alaskensis G20 (Figure 
1.7). The Krumholz lab identified this operon by screening a transposon library 
for uranium reduction [110]. A strain with an interruption of the putative regu-
lator of this operon did not show uranium reduction ability. In the wild-type 
strain, cadmium, a traditional thioredoxin inhibitor [111], also shut down ura-
nium reduction [110]. These results stimulated the interpretation that it was the 
thioredoxin in conjunction with a putative oxidoreductase, both encoded in the 
operon, that were responsible for the reduction [112]. This proposed mechanism 
has not been tested in vitro and the transposon mutant was not complemented 
with the mutated gene to show that the loss caused by the insertion was respon-
sible for the lack of uranium reduction. A knock-out deletion of the Desulfovi-
brio vulgaris Hildenborough homolog of the putative thioredoxin regulator has 
been made that was still able to reduce uranium at approximately the same level 
as the parent strain (Majumder & Wall, unpublished results). There remains 
controversy about the transport of large quantities of uranium into the cytop-
lasm where thioredoxins are found. There is ample transmission electron mi-
croscopy evidence for the precipitation of uranium on cell surfaces and intrape-
riplasmically in many families of bacteria [25] [72] [73] [107] [111], but fewer 
reports of cytoplasmic reduction sites. However, early studies of uranium uptake 
in Streptomyces longwoodensis did find uranium in the cytoplasmic fraction 
[84]. High resolution microscopic techniques like Scanning Transmission Elec-
tron Microscope-High-Angle Annular Dark-Field have also shown uranium in 
the cytoplasm of bacteria [64]. Since there is evidence in other bacterial species 
of uranium accumulation in the cytoplasm, the thioredoxin-involved uranium 
reduction mechanism remains feasible. 

In addition to individualized mechanisms of uranium reduction, mixed or 
syntrophic cultures have been observed to reduce uranium [113]. Combinations 
of biotic and abiotic mechanisms have been shown to occur in sediment [113]. 
Examples of mixed biotic and abiotic systems result in different crystal forms of 
U(IV) precipitated. Biofilms with both reduction processes and a purely abiotic 
system (with ferrihydrite, sulfide and azide-inhibited Desulfovibrio) resulted in a 
nanocrystalline form of U(IV) that was more easily oxidized than purely bioti-
cally formed U(IV) [114]. Sulfur was also found in the crystals indicating that 
sulfide had been oxidized [114]. Free sulfide has a redox potential that could 
drive uranium reduction. On iron mineral surfaces, sulfide can compete with 
adsorbed U(VI), mobilizing the uranium and enabling biotic or abiotic reduc-
tion [96]. Thus sulfate-reducing bacteria producing sulfide could facilitate ura-
nium reduction by liberating adsorbed U(VI) and reducing the metal. When a  
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Table 3. Complexes of uranium. 

Reaction of Aqueous Uranyl Species to Form Uranium Minerals End Point Mineral Name Energetic Values/Notes 
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microbial community was grown on activated carbon, which increases reaction 
surface area, with immobilized iron nanoparticles, Baiget et al. reported 96% re-
duction in just 30 minutes [115]. Mixed cultures or communities were also 
screened for uranium reduction, usually testing natural communities from ura-
nium contaminated sites. In these situations, the individual organisms contri-
buting to the uranium reduction were not identified [10] [29] [51] [116]. From 
all of these examples, uranium reduction was observed abiotically, extracellularly, 
periplasmically, cytoplasmically and in mixed biotic-abiotic systems and the 
mechanisms examined reveal a diverse array of uranium reduction reactions 
from a diverse set of bacteria (Table 2 & Table 3). The diversity in uranium re-
ducing organisms and reduction mechanisms suggests that uranium reduction is 
a more universal process and driven by chemical conditions rather than biologi-
cal benefit. 

2.1.3. Factors Influencing Reduction Reaction Rates & Electron Flow 
Pathways 

Multiple factors affect reduction rates in microbes meaning that certain uranium 
complexes, energy sources for the organisms and electron flow pathways are 
more efficient at reducing uranium. The bioavailability of a metal is a major de-
terminant of what bio-transformation happens and at what rate. Uranium in the 
hexavalent oxidation state is soluble and when reduced to the tetravalent oxida-
tion state, it is insoluble. Uranium is more soluble at low pH and with increasing 
concentrations of anions like carbonates that form soluble complexes with the 
metal [117]. Additionally, calcium-carbonate-uranium(VI) complexes have an 
even greater decrease in bio-availability, but an increased solubility suggesting 
that calcium is an inhibitor of uranium bio-transformations (Table 3) [48] 
[118]. The ending mineral form is also indicative of which mechanism or trans-
formation reaction happened and dictates what happens to the metal, for exam-
ple, does it stay immobilized? Is the metal accessible for additional bio- or 
chemical transformations? Insoluble U(IV) can precipitate as the simple mineral 
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uraninite, UO2, but more often forms minerals with calcium and phosphates 
such as autunite [119]. A more labile precipitate has also been identified known 
as monomeric U(IV) [120] [121]. 

In addition to solubility, complexation or speciation of the uranium metal 
impacts reduction rates. Different species of bacteria are able to reduce different 
hexavalent U(VI) organic acid complexes and with varied reduction rates. D. 
desulfuricans reduced monodentate aliphatic complexes, like acetate, more ra-
pidly while Shewanella alga reduced multidentate complexes, like citrate, more 
rapidly [122]. Likewise, uranium in soils is often adsorbed or associated with 
surfaces on the soil which have been shown to limit bioavailability and decrease 
reduction rates [123]. Geobacter species were still able to reduce uranium under 
phosphate-limiting conditions, with the increased bio-availability of U(VI) pos-
sibly accounting for decreased cell growth [124]. Still others report non-uraninite 
minerals as the major form of uranium trapping in an environmental setting 
because phosphoryl ligands can inhibit U(VI) bioreduction. Thus there is a need 
for considering uranium speciation and what chemical species are environmental-
ly relevant for further testing and remediation attempts [23]. Uranium (VI) 
complexed with hydrogen and phosphate could be more easily reduced by sever-
al metal reducing species when adsorbed to non-reducing Bacillus subtilus [61]. 
In other studies, Shewanella putrefaciens easily reduced uranyl-carbonate com-
plexes, but reduced virtually no uranium when presented with calcium-uranyl- 
carbonate complexes [125]. Increasing bicarbonate slowed uranium reduction 
kinetics in Shewanella oneidensis by changing the chemical speciation [126]. 
Additional studies show the limitation of uranium reduction with increased cal-
cium and iron species, like ferrihydrite and iron (III) oxides, concentrations 
which affect the speciation of soluble uranium complexes [18] [127] [128]. Like 
solubility and speciation, the reduction potential of U(VI) is dependent on pH, 
metal ion-complexation and concentration. An increase in organic acid com-
plexation or pH decreases the redox potential [41]. Therefore, uranium reduc-
tion only happens when the pH, complexation and concentration are just right 
to tune the redox potentials and form bioavailable uranium. 

While the influence of the electron donor on reduction rate is well-studied, 
the electron source can also control microbial community members. For some-
Clostridial species, fermentative growth was reported to be important for ura-
nium reduction and, in the same study, an increase was noted with more hydro-
gen [129]. This signaled the importance of the hydrogenases in electron and 
energy flows that terminate with uranium reduction (Figure 1.4). Neither ni-
trate nor nitrogen gas affected reduction rates, but pH did impact rates with pH 
4 being optimal in Clostridia sp. [35] [129]. Similarly for Shewanella species, hy-
drogen as the electron donor yielded faster reduction rates, 110 μmoles/(h·108 
cells/mL), than lactate [130] [131]; whereas, non-growing cells had a rate of 2.37 
µmoles/(h·mg biomass) [52]. Further evidence for the importance of hydroge-
nases comes from South Africa. The ability of a microbial community to reduce 
uranium was inhibited by rotenone, a NADH-dependent hydrogenase inhibitor, 
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suggesting that electrons going to uranium were coming through hydrogenase 
[111]. Hydrogenases were also found to be part of the uranium reduction path-
way from Desulfovibrio species going through the periplasmic cytochrome c3 
[47]. Rates with organic acids as the electron donor were half that of those with 
hydrogen [47]. The addition of electron carrier molecules, so called electron shut-
tles, such as quinones like anthraquinone-2,6-disulfonate, have also increased 
uranium reduction rates by increasing electron flow [90] [132] [133]. In Shewa-
nella species FMN (Flavin mononucleotide) was found to be an important elec-
tron transfer molecule in the uranium reduction pathway [134]. On a commu-
nity scale, during electron donor limited conditions in environmental setting 
lesser known organisms such as Pelosinus outcompeted the traditional metal 
reducers and maintained metal reduction activity [135]. As with bioavailabilty of 
the metal, electron and carbon sources also impacted microbial ability to reduce 
uranium and the reduction rates. 

The organisms, the mechanisms and the rates of uranium reduction have been 
extensively studied but are not fully characterized. As more about uranium re-
duction is uncovered, other bio-transformations of uranium are being discov-
ered. 

2.2. Uranium Oxidation 

Uranium oxidation involves taking U(IV) and oxidizing it to U(VI), the exact 
opposite of the reduction process (Figure 2.6). Typically, this happens sponta-
neously when oxygen invades the anaerobic environment, but there is new evi-
dence for bacteria that oxidize uranium. To date, only two organisms have been 
characterized as uranium oxidizers, Geobacter metallireducens and Thiobacil-
lusdenitrificans (Table 2) [86]. G. metallireducens is a well-known uranium re-
ducer so it was surprising that it has also been shown to oxidize uranium; it is 
possible that the non-reducing cytochromes may play a role in oxidation. In the 
nitrate-dependent uranium oxidation by β-Proteobacteria sulfur oxidizer and 
nitrate reducer T. denitrificans two diheme cytochrome c’s accounted for at least 
50% of the oxidation capacity [86]. With the addition of nitrate or active denitri-
fication, no uranium reduction was detected suggesting nitrate amendment may 
stimulate uranium bio-oxidation [136]. Another study [137], used 16S rRNA 
profiling to look for changes in the bacterial community during uranium reduc-
tion and the reoxidation that is observed at some sites over time. Brodie et al. 
found that metal-reducing members such as Geothrix fermentas and Geobacte-
raceae grew during the uranium reduction phase and persisted during reoxida-
tion suggesting that these microbes could be responsible for the reoxidation 
[137]. The individual and community studies taken together present a stronger 
case that microbes may be causing at least some of the reoxidation of uranium in 
the environment, particularly any reoxidation observed under anaerobic condi-
tions. It is possible that some communities are forming a uranium cycle as an 
electron acceptor. However as is the case with reduction, oxidation could be 
primarily a chemistry-driven process. 
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2.3. Uranium Respiration 

Anaerobic organisms grow by respiring a variety of electron donors and accep-
tors. Many microbes respire organic acids, oxyanions such as sulfate and nitrate, 
metals and other electron acceptors available to them in their environment, if 
they can extract an electron and then find an acceptor to give it too, they will do 
it (Figure 2.5). These anaerobic metabolisms drive important geochemical 
cycles on the Earth such as Sulfur, Nitrogen and Carbon Cycles. A big question 
in the study of uranium bio-transformations has always been whether these mi-
crobes are respiring uranium, particularly in the cases of uranium reduction. Do 
organisms gain energy from that process and grow, or was uranium just the 
closest convenient electron dump for the excess of electrons often built up in 
anaerobic microorganisms? 

Experimentally, proving uranium respiration requires rigorous evidence and 
is difficult. At the Rifle site, isolates with sequence similarity to Burkholderia 
fungorum were deduced to respire uranium using acetate as the electron donor 
[66]. Acidithiobacillus ferrooxidans respiration rates were altered by changing 
uranium concentrations, but it is unclear if this bacterium was respiring ura-
nium [56]. Anaeromyxobacter dehalogenans is predicted to respire uranium and 
a correlation was found between cell number and the uranium found in wells at 
the Oak Ridge [33]. S. putrefaciens and its mutants were found to respire a 
number of electron acceptors with a few strains capable of anaerobic growth on 
uranium [54]. Some Geobacter strains have been found to respire uranium as 
well [138]. Uranium respiration has not been shown yet by the standard micro-
biological techniques where cells are grown with sub-inhibitory concentrations 
of uranium as the only potential electron acceptor with incremental additions 
and growth. It would certainly not be a ‘normal’ metabolism. Under duress mi-
crobes have been found to grow in amazing circumstances and studies are 
pointing to uranium respiration being possible under the right conditions. 

2.4. Detoxification/Resistance 

There is an on-going debate in the field regarding the purpose of uranium 
bio-transformations for the microbe. Are these metabolic changes part of a de-
toxification and resistance effort against the toxic, heavy metal, or radionuclide 
or are these processes that occur because of environmental circumstance? In 
many instances in the literature, uranium reduction is liberally referred to as 
detoxification [50] [67] [68] [79] [80] [139], but this nomenclature may not al-
ways be accurate from the perspective of the microbe. First of all, uranium is 
toxic because it causes oxidative damage like other heavy metals (Figure 1.8) 
[15]. The radioactivity from natural abundance and depleted sources of uranium 
is barely above background, causing few health risks. 

For the microbes that reduce uranium, in some cases, bio-transformations 
protect cells by removing the toxic metal or sequestering it in the extracellular 
matrix [68] [82]. However, some of the processes cause solid uranium buildup 
on cell surfaces, in the periplasm and possibly even the cytoplasm [47] [102] 
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[110]. This build up should eventually obstruct normal cellular function and is 
noted anecdotally, but lacks concrete evidence. Park and Jiao reported that C. 
crescentus exhibits growth arrest and cessation of DNA replication when first 
exposed to uranium [67]. In the same study, they describe a novel mechanism in 
which C. crescentus raises the pH of the solution making U(VI) less soluble and 
consequently less toxic [67], which differs from other detoxification strategies 
which involve reduction and precipitation. Yung et al. studying the same species 
found in uranium-exposed cells an upregulation of an ABC-type transporter in-
terpreted as possibly providing efflux for detoxification [69]. The same lab fol-
lowed up with a Tn-seq (transposon sequencing) study and found evidence for 
the involvement of additional transporters and stress-associated transcription 
factors that facilitated survival with uranium [70]. In the case of Geobacter, pro-
teomics of Geobacter cells grown in the presence of uranium revealed an in-
crease in proteins for efflux pumps and proteins that handle oxidative damage, 
suggesting that as for bio-reduction, there is no mechanism specific to uranium 
enzymatic processes for detoxification [140]. Global transcriptional profiling of 
S. oneidensis MR-1 during uranium reduction revealed several classes of genes 
that were upregulated. Genes known for accessing alternative electron acceptors 
such as manganese, soluble iron, and fumarate were upregulated along with 
genes for dealing with stress and damage to membranes [53]. The upregulation 
of alternative respiratory genes is supported with other evidence that certain 
energy flows are more favorable for uranium reduction, but these alternative 
pathways are not unique to uranium stress. However, the upregulation of mem-
brane damage response proteins could be seen as a response of the cell to re-
move the uranium. The gene changes in response to stress speaks to the oxida-
tive damage caused by the heavy metal toxicity associated with U(VI). However, 
in responses where U(IV) precipitates on the outer membrane or inside the pe-
riplasm, sometimes associated with vital electron shuttle cytochromes, there may 
also be toxic effects. The precipitated heavy metal is in permanent direct contact 
with the cell. In the case where the uranium is precipitated away from the cell, 
the physical removal and immobilization can be argued to be less toxic. So based 
on gene transcription responses and location of precipitated uranium, the reduc-
tion process could be considered a detoxification response if the genes for reduc-
tion are upregulated and the uranium is precipitated away from the cell. Expe-
rimental verification remains to confirm this hypothesis about detoxification 
and reduction. 

2.5. Chemical and Biological Drivers of Uranium Reduction 

Having explored the reactions and mechanisms of uranium reduction, we ask if 
chemistry or biology is the primary driver of this process. In other examples of 
microbial metal bio-transformations (reduction, resistance) there are specific 
and conserved sets of genes that express proteins to chemically transform certain 
metals. Those proteins include CzcA, copper antiporter, Acr3, arsenic dissimila-
tory reductase, and HgcAB, mercury methylation [141] [142] [143]. No desig-
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nated or uranium-specific conserved proteins have been found to date. So far, all 
implicated proteins have other primary functions and appear to do uranium re-
duction when the opportunity presents itself. Several different mechanisms of 
uranium reduction have been observed (Figure 1) with different starting ura-
nium complexes and different mineral endpoints (Table 3), suggesting a lack of 
similarity across organisms or mechanisms. Uranium-reducing organisms have 
been found all over the planet and in multiple types of environments. Uranium 
reducers are from many families of organisms and even include aerobes and 
non-dissimilatory metal reducers (Table 2). Some organisms may respire ura-
nium and have slight energy gains, but there is little or no biological advantage 
to the microbes with the uranium reduction mechanisms as described since 
most were measured during stationary phase. The purpose of uranium reduction 
does not appear to be for detoxification either. Therefore, we argue that based on 
reduction potential, the global nature and occurrence of uranium reduction in 
many types of Earth environments, the variety of mechanisms, non-conserved 
mineral endpoints and the lack of specifically conserved enzymes, that the 
process of uranium reduction is predominantly driven by chemistry, meaning 
the spontaneous movement of electrons drives the reaction rather than an en-
zymatically catalyzed process. It seems to be a more universal process, that any 
microbe in the right environment would be capable of reducing uranium. As 
other uranium bio-transformations are explored, it is possible that biology ra-
ther than chemistry may be found to be the driver. 

3. Binding, Sensing and Synthesizing Bio-Transformations of 
Uranium 

3.1. Sorption 

Bio-sorption of uranium is the process where the uranium is immobilized on the 
outer membrane or extra polymeric substance of the microbe (Figure 2.9). This 
can follow a redox event, but can also be redox independent. It can likewise 
sometimes rely on charge, but can also be due to electrostatics since uranium is 
“sticky.” Sorption is one of the more commonly referenced bio-transformations 
in the literature because it is a possible remediation strategy. Some cells can ad-
sorb uranium up to nearly half their cell weight [84] [85], but this appears to be a 
passive, non-enzymatically driven process. 

Examples of microbes carrying out biosorption include the fungus Talaro-
myces emersonii. At pH 5, the fungus had a biosorption capacity of 280 mg U 
per gram of dry cell weight [85]. With maximal biosorption of 0.44 g U per gram 
of dry cell weight at pH 4.6, the Actinomycetes bacterium Streptomyces long-
woodensis efficiently removes uranium from liquid samples [84]. The amount 
was dependent on several factors including cell phosphorous content, pH, ura-
nium concentration, and cell-cycle stage [84]. Bacillus isolates from Saxony were 
able to take up uranium efficiently in the 10 - 200 mM range and the metal was 
found adsorbed to the S-layer proteins and cell surface [144]. In a surprising 
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Figure 2. Mechanisms of bio-transformation of uranium. Mechanisms of bio-transformations of uranium. 1) Mineralization—the 
formation of uranium-containing minerals with carbonates, calcium, enzymatically cleaved phosphates or other molecules. 2) 
Nanoparticles—synthesis of uranium nanoparticles may be uraninite or other mineral forms. 3) Precipitation—deposition of in-
soluble uranium alone or in mineral form. 4) Accumulation—concentration of uranium inside at least one membrane. 5) Respira-
tion—growing or gaining of energy from uranium reduction. 6) Reduction/Oxidation—uranium gaining or losing two electrons 
7) Marker—isotopic fractionation of uranium by microbe. 8) Sensing—detection of uranium by binding of a molecule that releas-
es a fluorescent molecule. 9) Sorption—uranium binding to outer membrane, EPS, S-layer, filaments, pili or nanowires. 

 

finding, Thorgensen and co-workers identified an S-layer protein complex in 
Pelosinus sp. Strain UFO1 that binds U(VI), but does not reduce it [77]. Diverse 
organisms such as At. ferrooxidans and Acidovorax facilis are also reported to 
adsorb uranium [56] [57]. Even non-uranium-reducers or organisms not found 
in uranium contaminated environments, such as Saccharomyces cerevisiae and 
Staphylococcus aureus LZ-01, can adsorb uranium efficiently [79] [83]. The 
chemical species of the adsorbed uranium varies and reflects the state of ura-
nium in the environment. Uranium is often tightly bound, complexing to phos-
phoryl, carbonate or occasionally nitryl ligands and side chains. Therefore bio-
sorption can be an attractive method for bio-remediation. 

3.2. Accumulation 

Accumulation can sometimes be referred to interchangeably with bio-sorption. 
However, sorption and accumulation are generally differentiated by the location 
of the bio-transformed uranium relative to the cell. Accumulated uranium is lo-
cated within the cell, either in the periplasm or cytoplasm, but must have tra-
versed at least one membrane (Figure 2.4). Like biosorption, Cellulomonas [72] 
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and fungi [16] have been shown to accumulate impressive amounts of uranium. 
As discussed in the reduction section, the mechanism of uranium entry into the 
cell is unknown. It is also not well-characterized how the accumulation of ura-
nium impacts cell growth and survivability, but the suggestion is that it is detri-
mental or neutral at best, but does not apparently benefit the cell. 

3.3. Mineralization 

Bio-mineralization is also more generally defined as the formation of U(IV) spe-
cies, which is insoluble and called the mineral uraninite, UO2. However, this is 
the end product of bio-reduction, so the terms are sometimes used interchange-
ably. Bio-mineralization can also be more specifically defined as an active enzy-
matically driven process where the uranium is transformed to insoluble non- 
oxide mineral, usually metal phosphates (Table 3) [139]. The mechanism of 
bio-mineralization has been well-characterized in the γ-Proteobacteria Serratia 
sp. [145]. Uranium is trapped on the surface of the cell or in the extracellular 
matrix on material like EPS, extracellular polymeric substances (Figure 2.1). 
Meanwhile, the enzyme phosphatase, that can be found on the outer membrane 
and can also be excreted into the extracellular matrix, creates inorganic phos-
phate by hydrolyzing the phosphate from soluble phosphate organic compounds 
or minerals. The surface-complexed uranium, phosphate and often calcium react 
forming immobilized minerals [81] [82] [145]. In Serratia this is seen under 
fermentative growth and different minerals may be produced under phosphate 
limited conditions [82]. 

In addition to Serratia, the C. crescentus bio-mineralization mechanism is also 
well studied and the specific periplasmic phosphatase releasing phosphate, 
PhoY, has been determined [68]. Citrobacter sp. also bio-mineralizes uranium 
on the cell surface forming phosphate minerals with phosphate, while ammo-
nium addition to the mineral produces an even more insoluble form [73]. Arth-
robacter sp. and Microbacterium oxydans from mine tailing sites were also 
found to produce uranium phosphate minerals, confirmed by High Resolution 
Transmission Electron Microscopy [64]. 

Uranium can be mineralized into a variety of uranyl-phosphates by active mi-
crobes. The term bio-precipitation (Figure 2.3) is also used when the specific 
process is unknown, but solid uranium particles are observed such as in a batch 
community system or environmental field site [82] [94] [146] [147]. A well- 
known bio-precipitation is mediated by Citrobacter sp., which forms slightly 
yellow uranyl phosphates [73]. 

3.4. Bio-Markers of Uranium Bio-Transformations 

Bio-markers are small molecules, genes, proteins or even isotope fractionation 
ratios that consistently correspond with a biologically-driven process. Isotope 
fractionation is the process where microbes preferentially consume a specific 
isotope of an element creating an enrichment of the preferred isotope in the end 
product that differs from the natural abundances of the isotopes (Figure 2.7). 
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The enrichment is usually a constant ratio. If isotope fractionation values are 
known for certain biologically-driven processes and that fractionation value is 
found in samples, it is strong evidence that the process occurred biologically 
even if the bacteria responsible are no longer present, such as in deep cores from 
early Earth eras. 

Bio-makers have been used to detect uranium biotransformation that took 
place millions of years in the past. Uranium reduction does have a known, al-
though difficult to measure isotope fractionation value that actually enriches the 
heavy isotope [60] [148] [149]. Rademacher and coauthors compared the isotope 
fractionation for uranium reduction from an abiotic process with zero valent 
iron particles and bioreduction by Geobacter or Anaeromyxobacter. They found 
that the biotic process produced a very similar negative epsilon (enrichment 
factor) value for both bacteria, while the abiotic iron process resulted in the same 
ratio as natural abundance [60]. Dang et al. also compared biotic and abiotic 
pathways and came to the same conclusion, but with the addition that certain 
minerals such as mixtures of iron and manganese have an isotope preference for 
the lighter isotope, U-235 [148]. The Bernier-Latmani group has also measured a 
uranium signature with preference for the heavy isotope and has used this sig-
nature to detect microbial activity in rocks from multiple ages of Earth history 
including Archean and Cretaceous [149]. A proposed biomarker for Geobacter 
is the amount of the genus specific GltA protein [150]. Wilkins et al. showed that 
there was a strong correlation between copy numbers of the protein versus ura-
nium reduction activity during stimulated bioremediation [150]. With modern 
technology, ancient and current uranium bio-transformations are detectable. 

3.5. Bio-Sensors 

Knowing the nature of the chemical interaction between microbes and uranium 
has enabled the creation of bio-sensors for uranium in the environment that 
have taken a variety of forms. Bacterial community composition has even been 
used as a geo-sensor to predict the location of uranium contamination [151]. 
Antibodies to certain uranium chemical species have also been developed as an 
environmental biosensor [152]. 

UO2-selective DNA-zymes, which are engineered pieces of DNA designed to 
specifically bind the uranyl ion and then cleave a fluorescent molecule contain-
ing DNA arm, releasing the molecule which emits fluorescence (Figure 2.8) 
[153] [154]. Quenching the fluorescence with a 2D layer of molybdenum disul-
fide nanosheets allows the decrease in fluorescence to be a readout for U(VI) 
concentration [154]. 

C. crescentus has been used as a whole cell uranium biosensor by engineering 
the organism to produce fluorescence when excited with UV light and when its 
environment contains uranium. As a fluorescent biosensor, this bacterium has a 
detection limit in the nanomolar range [37]. Bio-sensing presents an in situ me-
thod for uranium detection in the environment. 
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3.6. Biofilm/Biobarrier 

Bacterial biofilms are sessile tight assemblages of a microbial population that 
create micro-environments or niches that may be different than the surrounding 
environment. Biofilms have shown enhanced uranium sequestration and immo-
bilization in single organism and multi-organism biofilms. Biofilms of strains of 
iron-reducing Shewanella species were found to immobilize uranium efficiently, 
and Shewanella extracellular polymeric substances played a very large role in 
that immobilization with the assistance of reduction by the outer-membrane cy-
tochromes [55]. However, reduction capability was dependent on biofilm archi-
tecture and the reactor used to measure that structure [155]. Examination of 
Geobacter biofilms saw increased uranium resistance up to 5 mM uranium and 
better immobilization compared with planktonically grown cultures; the con-
ductive pili and cytochromes were major contributors to the biofilms enhanced 
resistance [108]. Desulfovibrio biofilms routinely formed nanocrystalline U(IV) 
over other crystal types formed by planktonic cultures [114]. Looking at com-
munity-scale biofilms, rhizosphere communities growing on iron-plaques in the 
DOE Savanah River Site were also found to have enhanced uranium reduction 
and immobilization [156]. Stemming from the increased immobilization with 
biofilms, some remediation strategies include biofilms as a form of bio-barrier to 
trap the uranium or are working to develop the biofilms to deploy in permeable 
reactive barriers [65] [108] [157]. New laser-based fluorescence techniques have 
been employed to determine the chemical species of uranium in the biofilm en-
vironment [158]. Biofilms characteristically have increased interactions between 
the microbes which results in altered or enhanced interactions with uranium.  

3.7. Nano-Particle Synthesis, Nano-Wires 

In the bacterial produced nano-realm, nano wires, fibers and particles have been 
described with reduced uranium (Figure 2.2). Nano-wires/fibers of meta-schoe- 
pite mineral polycrystalline chains were produced by S. oneidensis MR-1 during 
uranium reduction (Table 3). Another reduction reaction could reduce these 
nanowires to nanoparticles [159] [160]. Cytochromes were found to be neces-
sary for nanoparticle U(IV) formation by Shewanella [98]. Structural characte-
rization of Shewanella biogenic uraninite nanoparticles suggested that the syn-
thesis pathway was thermodynamically driven [161]. The long conductive pili of 
Geobacter with and without cytochromes have also been called nanowires be-
cause of their ability to transmit electrons [13]. The bio-produced nanomaterials 
have benefit to the cells and could be used by humans for remediation or other 
electronic applications. 

4. Conclusion and Outlook 
4.1. Contributions of Inorganic Chemistry to the Study of Uranium 

Bio-Transformations 

While perhaps not widely recognized, standard inorganic chemistry techniques 
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and their advancement have been integral to the characterization and determi-
nation of the uranium bio-transformations on a molecular level. The following 
techniques have been used extensively in the references of this review paper: 
Mossbauer spectroscopy, X-ray Absorption Spectroscopy (XAS), Extended X-ray 
Absorption Fine Structure (EXAFS), X-ray Absorption near Edge Structure 
(XANES), X-ray Powder Diffraction (XRD), X-ray Photoelectron Spectroscopy 
(XPS), Transmission Electron Microscopy (TEM), Atomic Force Microscopy 
(AFM), Density Functional Theory calculations (DFT) and laser induced fluo-
rescence spectroscopy. These techniques determine the chemical species of the 
uranium in the solid mineral, soluble complexes, complexed and ligated to sur-
faces, mechanism intermediates, oxidation state and more. They have revealed 
how the important chemical speciation is to the biological process. As with any 
chemical reaction, certain ligands or chemical forms are highly favorable for 
reaction and others are inhibitory or energetically inaccessible. Knowledge of 
these chemical details from inorganic studies have transformed how microbiolo-
gists think about uranium bio-transformations and the mechanisms by which 
they happen. 

4.2. Chemistry or Biology? 

Even though uranium is a highly toxic metal, microbes have developed the abili-
ty to transform uranium in a number of ways. Microbes reduce, oxidize, possibly 
respire, mineralize, precipitate, and accumulate uranium. Humans take advan-
tage of the reactions to stimulate remediation of contaminated sites, to sense 
uranium in the environment, to determine the biological activity in the early 
earth, or to synthesize nanoparticles and wires. The variety of interactions with 
uranium leaves many areas of research still open: characterization of more re-
duction mechanisms, identifying more organisms capable of these processes, 
understanding uranium-reducing community dynamics on a molecular scale, 
determining if microbes respire uranium, determining the biological benefit to 
the microbes that do uranium bio-transformations, and determining if and how 
microbes survive with accumulated and precipitated uranium in and on cells. 
Underlying all of it is the classical question in Earth’s processes—chemistry or 
biology or an intriguing combination? 
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