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1. Introduction

ABSTRACT

Recent results from laboratory and field studies support that dissimilatory metal reducing (DMR) bacteria in-
fluence the fate and transport of uranium in anaerobic subsurface environments. To date, most research efforts
have focused on the reduction of soluble U(VI) by DMR bacteria to form insoluble uraninite (UO3). Subsurface
environments harbor, however, large reservoirs of U(VI) in solid or mineral form. Uranium that is structure-
bound in minerals is expected to be more refractory to microbial reduction than soluble U, based on analogy
with Fe respiration. The reducibility of U(VI) could impact the fate of UIV) by controlling mineral precipitation
reactions, which has implications for the long-term immobilization of U in subsurface environments. We studied
anoxic cultures of Shewanella putrefaciens CN32 incubated with natural carnotite-group minerals by X-ray
diffraction, electron microscopy, scanning transmission X-ray microscopy (STXM). Near-edge X-ray absorption
fine structure (NEXAFS) spectroscopy measurements at U-Ny 5, V-Lo 3, and O-K edges on cultures incubated up to
10 months show that V(V) was reduced to V(IV), whereas U was not reduced. In contrast, V(V) and U(VI) in
solution were both completely reduced to lower oxidation states by CN32, as precipitates within the exopolymer
surrounding the bacteria. Assays for the toxicity of U and V to CN32 showed that biofilm formation was stim-
ulated at 0.001 M U(VI), and growth was inhibited at concentrations of U(VI) greater than 0.001 M. Vanadium
did not inhibit growth or stimulate biofilm formation at any concentration tested. Investigations of the bacteria-
mineral and bacteria-metal interface at the nanometer and molecular scales provide new insights into the co-
respiration of V and U that help explain their biogeochemical cycling and have implications for subsurface
bioremediation of these elements.

radium, vanadium and uranium since the late 19th century (Thews and
Heinle, 1923; Weeks, 1961), leaving legacies of tailings. Although they

The most important ore minerals of the Colorado Plateau uranium
deposits belong to the uranyl vanadate group, also known as carnotite
group minerals (CGM). These include carnotite [K3(UO32)2(V20g)
(H20)3] and tyuyamunite [Ca(UOz2)2(V20g)(H20)sl, which consist of
uranyl divanadite (V,0g)®~ layer complexes that are analogous to layer
silicates and contain cations in the interlayer positions (Evans and
White, 1987). The ability of uranyl vanadate minerals to accommodate
different interlayer cations explains the wide range of possible compo-
sitions (Evans and Garrels, 1958; Evans and White, 1987; Finch and
Murakami, 1999). The Colorado Plateau ores were processed for

* Corresponding author.
E-mail address: glasauer@uoguelph.ca (S. Glasauer).

are considered insoluble under the slightly alkaline, oxidizing conditions
that dominate Colorado Plateau surface environments today (Evans and
Garrels, 1958; Langmuir, 1978), extraction activity has resulted in areas
of elevated concentrations in Utah and Colorado as well as in other lo-
cations where U was processed.

The reduction of soluble U(VI) by some bacteria is well documented
(e.g., Lovley et al., 1991; Haas and DiChristina, 2002; Lloyd et al., 2002;
Lloyd and Renshaw, 2005; reviewed in Kolhe et al., 2018). Bioremedi-
ation strategies that center on manipulating the activities of dissimila-
tory metal reducing (DMR) bacteria have been explored for the removal



of U(VI) from groundwater, perhaps most notably at Rifle, CO (e.g., Xu
et al., 2017; Bargar et al., 2013; Williams et al., 2011; Zhuang et al.,
2012; Li et al., 2010; Vrionis et al., 2005; Ortiz-Bernad et al., 2004b;
Anderson et al., 2003). Subsurface bioremediation strategies are based
on the reduction of U(VI) species to relatively insoluble hydroxylated
uranate complexes (Langmuir, 1978; Bargar et al., 2013; Stylo et al.,
2013). In contrast to studies with soluble U(VI), the ability of DMR
bacteria to reduce U(VI) that is present in natural minerals has received
less attention. This is a striking gap in the understanding of how bacteria
may transform U, given that solid mineral phases are the largest reser-
voirs of metals in weathering environments, as well as the ultimate
sinks. Several synthetic U(VI) mineral analogs have been shown to be
reducible by dissimilatory bacteria, including: metaschoepite
[UO3-2H50] (Fredrickson et al., 2000), uramphite [(NH4)(UO2)(PO4)-
Ho0] (Khijniak et al., 2005), synthetic U(VI) borate and boronate
crystals (Yang et al., 2014), and natural boltwoodite [HK(UO3)(SiO4)-
H,0 (Liu et al., 2006; Liu et al., 2009). In one study, the U(VI) contained
in meta-autunite (Ca[(UO2)(PO4)]1(H20)¢) could not be reduced by DMR
bacteria (Smeaton et al., 2008). The U(VI) minerals in these studies are,
however, much less widespread than for CGM, which are associated
with roll front deposits in the Colorado Plateau and in Australia
(reviewed in Cumberland et al., 2016).

The V(V) contained in CGM is another possible electron acceptor.
Given its favorable solution and redox chemistry (Wehrli and Stumm,
1989; Huang et al., 2015), vanadium should compete effectively with U
(VD) for electrons produced during respiration by DMR bacteria. The
aqueous chemistry of vanadium is complex due to multiple oxidation
states and strong tendencies to hydrolyze and polymerize (Macara,
1980; Rehder, 2008). Vanadate ions (HaVO,4~ and HVO4 ) are relatively
stable under oxidizing conditions, exhibiting chemical behavior similar
to phosphate. Vanadyl (Vo*H species are found in reducing environ-
ments and are typically more insoluble than vanadate ions (Eckstrom
et al., 1983; Premovic et al., 1986). Trivalent V occurs in complexes of
low solubility under strongly reducing, i.e., sulfidic, conditions (Wehrli
and Stumm, 1989). Several bacterial species have been shown to reduce
soluble V(V) to V(IV), including Shewanella oneidensis and Geobacter
metallireducens (Lyalikova and Yurkova, 1992; Carpentier et al., 2003,
2005; Ortiz-Bernad et al., 2004a), as well as a native microbial com-
munity (Hao et al., 2018). There is just one report of reduction to V(III)
(Li et al., 2007). To the best of our knowledge, the bacterial reduction of
solid or mineral-bound V has not been investigated.

Bacteria introduce complexity to geochemical reactions by their
ability to establish micro and nanoscale chemical gradients (Hunter and
Beveridge, 2005). To investigate the bioreactivity of mineral U and V,
we incubated anoxic cultures of Shewanella putrefaciens CN32 with
natural CGM contained in U ore associated with sandstone and exam-
ined the products using nanoscale synchrotron-based X-ray spec-
tromicroscopy techniques. S. putrefaciens CN32 is known to reduce U as
well as Fe and other transition metals (reviewed in DiChristina et al.,
2005). Because CN32 was originally isolated from Colorado Plateau
deposits, it is a relevant model organism for investigating biological
contributions to the terrestrial cycling of metals in this environment.

Our investigations were centered on testing: 1) whether the presence
of V(V), an alternate electron acceptor, will inhibit the reduction of U
(VI) by DMR bacteria; 2) whether the chemical phase of U and V, i.e.,
solid vs. soluble, will affect bacterial dissimilatory reduction and asso-
ciated mineral products, and 3) bacterial growth responses to U and V.
To characterize the samples, we used soft X-ray scanning transmission X-
ray microscopy (STXM), electron microscopy, X-ray diffraction and wet
chemical techniques. Elemental mapping (C, K, Ca, O, Mn, Fe, V, U and
Ba) and NEXAFS spectroscopy at U 4f, V 2p and Ols edges were per-
formed using STXM on minerals and bacteria samples over the 10-month
incubation period, in both dry and hydrated sample conditions. The
combination of bulk analyses with spectromicroscopic techniques at the
nanoscale allowed us to capture the small-scale heterogeneity induced
by active bacteria as well as the relative magnitude of the observed

changes in mineralogy.
2. Materials and methods
2.1. Materials

Material from a stockpile of unprocessed uranium ore was obtained
from southeastern Utah, where it is associated with roll front and tabular
deposits of the Colorado Plateau (Weeks, 1961; Finch and Murakami,
1999). The uranium minerals occur as coatings on consolidated sand-
stone that is porous and friable, which we identified using XRD. The
metal concentrations of solids were determined using an adaptation of
EPA SW 846 Method 3050B. The mineral sample (between 10 and 40
mg) was digested with three ml of HCl and 1 ml concentrated HNO3
(trace metal grade) in a Teflon bomb overnight followed by 110 °C for 3
h in an oven. The sample was filtered (Whatman #42) and diluted to 50
ml with deionized water, followed by analysis using inductively coupled
plasma spectroscopy (ICP-OES; Varian Vista Pro) or atomic absorption
spectroscopy with graphite furnace (Varian GTA100Z). All mineral as-
says were performed in triplicate and replicates had standard deviations
of 5% or less. The mineral-coated sandstone contained 14.6 g Vkg ™! and
111 g Ukg ™. In order to obtain a concentrated sample of the U-bearing
minerals for XRD, the fine mineral fraction was separated from the sand
grains by agitating and sonicating in deionized water; decanting,
centrifuging and drying the separated fine minerals. These were digested
and analyzed as described above and characterized also by XRD and
SEM-EDS to identify the minerals.

2.2. Culture experiments

2.2.1. Cultivation of CN32 with U and V as electron acceptors

The cultures of S. putrefaciens CN32 that we used were originally
isolated from the Morrison Formation in New Mexico (Fredrickson et al.,
1998). It is, therefore, a terrestrial rather than a marine isolate and oc-
curs in the same geological setting as the U-ore minerals. Cultures were
maintained as frozen stocks in our lab and were revived from frozen
stock for each experiment. The defined culture medium (DM)contained
10 mM sodium lactate and 1 mM phosphate, added as NapHPOy4, as
previously described in Glasauer et al., 2003. Cultures reached the sta-
tionary growth phase under oxic conditions after around 24 h. For the
incubation experiments with the U-ore, 1.6 g of CGM-sandstone was
added to 80 ml of minimal medium + lactate in serum bottles, degassed
with Ny, sealed and autoclaved. Bottles were inoculated in the glove box
(Coy; 3% H2/97% Ar) where they remained throughout the experi-
ments. For the treatments with soluble U and V, preparation and incu-
bation conditions were identical, except U and V were added from stock
solutions prepared from uranyl acetate and sodium vanadate, respec-
tively. Final concentrations for U and V for these treatments were 1 mM
each.

CN32 cultures were prepared for inoculation as previously described
(Glasauer et al., 2003). After conditioning the bacteria to grow on the
defined medium (DM), the final pellet was resuspended in DM to form a
slurry of bacteria. The slurry was transferred to the glove box (no-vac-
uum mode) and inoculated to achieve an initial concentration of around
108 cfu ml~?, determined by protein assay (Glasauer et al., 2001). All
treatments were performed in triplicate.

2.2.2. Growth inhibition assay

For the growth inhibition assay, we selected conditions to model
exposure of bacteria to U(VI) and V(IV), the oxidation states of U and V
that dominated in the incubation treatments with CGM. Conditions were
oxic to maintain the oxidation state of the metals and to facilitate the
assay procedures. A modified micro-dilution method (Wiegand et al.,
2008) was used to assess soluble U(VI) and V(IV) (0.001-1 mM) for
microbial growth inhibition. In order to compare the response of CN32
to E. coli K-12, a well characterized bacterial strain, bacteria were



cultured in one-tenth strength trypticase soy broth (10% TSB) that has
been shown to be compatible with metal and mineral studies (French
et al., 2013a; Hunter and Beveridge, 2005). The volume was set to 200
ul/well. Stock solutions containing 0.02 M UO2(CH3COOH),, 0.1 M
VCly, or 0.1 M CaCl, were deoxygenated by bubbling oxygen-scrubbed
N> gas (30 min/100 ml and 10 min for headspace degassing). VCly
was prepared in HCl and solutions were pH-adjusted with NaOH.
Degassed solutions were transferred to an anaerobic chamber and ster-
ilized by syringe filtration through a sterile 0.22 pm filter into acid-
washed autoclaved serum bottles. The stock solutions were removed
from the anaerobic chamber, stored in the dark, and visually inspected
for precipitates, flocs or colour change prior to use. Aliquots were
aseptically removed from the stock solutions, as required, using a sy-
ringe and fine gauge needle. S. putrefaciens CN32 and E. coli K-12 were
inoculated into 10% TSB and grown for 16-20 h (room temperature, 60
rpm). 10% TSB was inoculated from these starter cultures at 15% (vol/
vol); stirred at 300 rpm (stir plate) at room temperature (S. putrefaciens
CN32) or 37 °C (E. coli K-12), grown to an ODggo of 0.4-0.5 units and
adjusted to a final in-assay concentration of 5 x 10° CFU/ml. Negative
growth control wells contained sterile medium; positive growth control
wells contained inoculated medium. The plates were incubated for 20 h
at optimum conditions (room temperature for S. putrefaciens CN32 or 37
°C for E. coli K-12), then removed and observations on the presence/
absence of visible growth were recorded. The MIC was the lowest con-
centration which resulted in optically clear wells denoting no cell
growth. Assays were done as triplicate replicates and repeated as inde-
pendent duplicate experiments (n  6).

2.2.3. Biofilm formation assay

The influence of soluble U(VI) and V(IV) (0.001-1 mM) on biofilm
formation was performed as for the growth inhibition assay except that
the biofilms were grown on the inner wall of sterile glass tubes which
contained 2 ml volumes of 10% TSB with U, V or Ca added. Following
incubation for 20 h at room temperature (S. putrefaciens CN32) or 37 °C
(E. coli K-12), the tubes were removed and 0.1 ml of Hucker’s crystal
violet was added. After 15 min incubation (room temperature), the
contents were gently decanted, excess unretained stain was removed by
washing with distilled water, and the tubes were air dried. Retained
stain was solubilized with 33% acetic acid and the absorbance (600 nm)
was measured using a Bio-Tek EL800 plate reader. Assays were done as
triplicate replicates and repeated as independent duplicate experiments
(n 6).

2.3. Assessment for biotransformed elements

2.3.1. Electron microscopy

Samples for transmission electron microscopy (TEM) were prepared
as previously described, for whole mount and thin section preparation
(Glasauer et al., 2001). No metal stains were used, so that all observed
contrast was imparted to the bacteria by the metals (chiefly U and V)
present in the culture medium. Observations were made using a Philips
CM10 TEM operating at 80 kV, using an EDAX Sapphire detector and
Genesis software. Scanning electron microscopy was performed on un-
treated CGM-ore, and after 4 months incubation with CN32 on a Hitachi
S4500 field emission SEM. Secondary electron (SE) images were ob-
tained with a 5 kV electron beam. The samples were sputtered with gold
to alleviate charging problems during SEM examination.

2.3.2. X-ray diffraction

Biotransformation of the CGM appeared to have ceased by 10
months. At this time, the mineral solids were separated into their
component fractions, identified as the sand or fine fraction. Separation
was carried out in the glove box (3% H2/97% Ar). Suspensions were
shaken and the suspension bearing the fine clay fraction was decanted.
This process was repeated until the wash solution remained clear. All
washes were combined in one centrifuge tube, which was sealed,

removed from the glove box, and centrifuged (5000 xg). The resulting
pellet was dried in the glove box and lightly crushed with a mortar for
analysis.

XRD data were acquired with a custom X-ray diffractometer at the
Department of Physics, University of Guelph. The X-ray diffractograms
were recorded from 5 to 80°20 with a step width of 0.0125°2 © and five
seconds counting time. The applied Cu wavelength was created by a
rotating anode. Analysis of the XRD data was carried with the help of the
evaluation program EVA15.0 and LeBail (Le Bail et al., 1988) with
TOPAS4-2 by Bruker AXS.

2.3.3. Scanning Transmission X-ray Microscopy (STXM)

STXM analyses were conducted at the Molecular Environmental
Science Beamline 11.0.2 (90-2000 eV) of the Advanced Light Source at
Lawrence Berkeley National Laboratory (Bluhm et al., 2006). Culture
samples were enclosed between a pair of 100 nm thick SisN4 mem-
branes. A micro-liter droplet of culture was deposited onto a SigNy
window (Silson Ltd.), air-dried and then sandwiched with another
window and hermetically sealed with glue. Another batch of treatments
were analyzed in hydrated conditions using the same protocol, except
the wet droplet was sandwiched immediately and the assembly sealed
with glue. Uranium-bearing powder standards were deposited onto a
SisN4 window using a standard inspection microscope at 20 x magnifi-
cation. A 2 cm human hair fiber fixed to a tantalum wire was used to
transfer the radioactive powder particles onto the window, then sand-
wiched and hermetically sealed with glue. Standards measured were
2380, obtained from Alfa-Aesar, and mineral samples were obtained
from Excalibur Mineral Corporation (New York). Small metal foil con-
tainers were inserted into the STXM prior to use with radioactive ma-
terials so that radioactive material could be captured in case of
membrane failure.

STXM measurements were performed using a Fresnel zone plate lens
(35 nm outer zones) to focus a monochromatic X-ray beam onto a 2D-
scanned sample to record images in transmission mode using a
scintillator-photomultiplier detector assembly. The imaging contrast is
based on core electron excitation by X-ray absorption. X-ray images
recorded at energies just below and at the relevant absorption edges
were converted into optical density (OD) images and used to derive
elemental maps. The optical density (OD) can be expressed for a given X-
ray energy by the Beer-Lambert law as OD  -In(I/Io) pupt whereIis the
transmitted flux through the sample, Iy is the incident flux, p is the mass
absorption coefficient, p is the density and t is the sample thickness.
NEXAFS measurements were performed at the V 2p, O 1 s and U 4f edges
and obtained from image sequences (i.e., stacks) collected at energies
spanning the relevant element absorption edges (508-555 eV at V 2p, O
1 s edges; 715-800 eV at U 4f edges, unless otherwise specified). A
minimum of two different sample regions were analyzed for each
element and two different batches of samples were analyzed. Radiation
beam-induced damage was not observed over the course of measure-
ments of dry samples, but cannot be ruled out on the wet samples at the
V L2,3 and O K-edges. The STXM was pumped-purged with He to avoid
decompressing the SisN4 sandwiched samples. The theoretical spectral
and spatial resolutions during our measurements were +/ 100 meV
and 40 nm respectively. The photon energy was calibrated at the C 1 s
edge using the 3p Rydberg peak of gaseous CO5 at 292.74 eV, at the Ols
using the O 1 s — 3 s transition at 538.9 eV of gaseous CO5 and at the U
4f edges using gaseous Neon transition at 867.3 eV. All data processing
was carried out using IDL aXis2000 software (Hitchcock, 2019).

3. Results
3.1. Characterization of the sandstone ore minerals
The U- and V- containing mineral components occurred as bright

yellow coatings of fine basal plates (1-2 pm) on sand grains (grain size
200-500 pm) (Fig. 1). The U-coated sandstone contained around 11% U
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containing minerals observed by scanning electron
microscopy and energy dispersive spectroscopy b) X-
ray diffractograms of the separated sand (upper), fine
yellow U-containing solids (tyuyamunite; middle) and
fine clay material separated after incubation with
Shewanella putrefaciens CN32. Continuous lines
represent results of whole pattern fitting. (For inter-
pretation of the references to colour in this figure
legend, the reader is referred to the web version of
this article.)
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and 1.5% V by weight. Based on the fit of the diffraction peaks, the space
group, and the chemical composition of the separated fine fraction
(Table 1), we identified the main minerals of the yellow solid as meta-
tyuyamunite [Ca(U03)2(V20g)«3H,0] and fritzscheite [Mn
(U02)2(V20s)+Ho0] (Finch and Murakami, 1999) (Fig. 1). Both minerals
are members of CGM, which consist of uranyl divanadate layer com-
plexes with interlayer cations. The space group for both minerals is
orthorhombic as confirmed by applying the LeBail method (Le Bail et al.,
1988). Meta-tyuyamunite is a dehydrated variant of tyuyamunite and
can accommodate up to several percent structural K (Stern et al., 1956).
Barium can substitute for Mn in the interlayer of fritzscheite, but the
structure does not accommodate K (Finch and Murakami, 1999).
Chemical analysis revealed that both Ba and Mn are present in the fine
fraction of the CGM ore (Table 1) as also confirmed by STXM (Appendix
A).

Table 1

Element concentrations for separated fine yellow particles of uranium ore and
fine mineral fraction after incubation with Shewanella putrefaciens. The standard
deviation for. triplicate samples was less than 5%.

Element U-ore, mg/kg Incubated U-ore, mg/kg
o) 301,384 293,880

A 73,458 66,615

Na 134 1805

K 832 4402

Ca 19,940 5440

Mg 1296 1669

Ba 1778 1498

Fe 3930 5145

Mn 3643 3303

50 60

3.2. Microbial reduction of V and U

Each incubation treatment with the CGM contained a total of 5 mM V
and 7 mM U. Total soluble V initially increased, followed by a decrease
to a plateau at around 1 mM by 120 days (Fig. 2). The concentration of
dissolved uranium was low throughout the incubation.

Vanadium III, IV, and V may be visually differentiated in solution by
green, blue and orange/yellow colors, respectively (Macara, 1980;
Evans and White, 1987). The treatments that contained the CGM ore and
CN32 developed a blue-green colour within one hour of inoculation.
Over time, the characteristic bright yellow colour of the CGM dis-
appeared. We observed the development of three distinct layers in the
culture bottles: clean sand grains at the bottom, a layer of grey-green
fine material, and clear blue liquid. Analysis for total U and V in the
fine fraction showed no change in U concentration after 10 months, and
a slight decrease in V (Table 1). The alkali elements Na and K were
higher in the fine fraction after incubation, which likely reflects the Na
and K present in the culture medium. Calcium was significantly lower,
Mg showed little change, and Ba was slightly decreased in the post-
reduction solids. The increase in K and decrease in Ca of the solids is
consistent with the observed transformation from tyuyamunite to
carnotite ([K2(UO3)2(V20g)«3H20]).

Bacteria were still viable after 5 months at a density of around 5 x
105 colony forming units (cfu) ml~1. The population reached a plateau
around 10° cfu ml~! that was maintained between 6 d and at least 138 d.
The cell density was around 10% cfu m1 ™" after 8 months. Cell numbers
could be underestimated due to the tendency of the bacteria to form
flocs; other methods for determining cell numbers (i.e., fluorescent
probes, light scattering) could not be used due to the interference of the
minerals with light. Bacteria were closely associated with the mineral
particles throughout the incubation (Fig. 3). Over time, biofilms with
cells embedded in a matrix of exopolymeric substances (EPS) decreased



Q
S

carnotite + CN32: V

w
o
)

N
o
L

ing
o
"

-
L%a)
1

-
o
I

o

o
o,
i

Concentration (mmol/L)

et
o
o

20 40 60 80 100 120
Time (hours)

carnotite + CN32: U
1.2E-02 -
1.0E-02 4
8.0E-03 A
6.0E-03 A
) + 4

4.0E-03 - o

2.0E-03 4 *

Concentration (mmol/L)

* *

0.0E+00 40— - . . v
0 20 40 60 80 100 120
Time (hours)

C)
soluble V + CN32
09

08

=07
[e]
£ 06

£

£eit }

(o=

S04

So3

)

802

o1 4 . $
00 4 . . . . . . . . !

0 5 10 15 20 25 30 35 40 45

Time (hours)

soluble U + CN32

© o o o
s O o N
AR
=

Concentration (mmol/L)
o
w

02
04
@
0.0 % X%
0 5 10 15 20 25 30 35 40 45

Time (hours)

Fig. 2. Changes in solution concentrations of V and U. Concentrations of dissolved vanadium (a) and uranium (b) during anaerobic respiration of Shewanella
putrefaciens CN32 in the presence of carnotite.Concentrations of dissolved vanadium (c) and uranium (d) during incubation with a mixed solution containing soluble
V(V) and U(VI) at 1 mM concentrations. Open diamonds represent treatments inoculated with CN32; filled diamonds are bacteria-free control treatments.

in abundance, and bacteria were observed mainly as single or few cells
by four months (Fig. 3 and Appendix B).

For comparison with the CGM treatments, we inoculated anoxic
media containing dissolved V(V) and U(VI) at 1 mM concentration each
with CN32 cultures. These concentrations are below the minimal
inhibitory concentrations (MIC) of V(V) and U(VI) for E. coli, a Gram-
negative model bacterium (Nies, 2007); MIC data for CN32 is not
available. The cultures were monitored for V, U and cell concentrations
for one week, at which point cell counts had declined to less than 20 cfu
ml~! from an initial density after inoculation of around 108 cfu ml~?,
and no further chemical changes were observed. Vanadium reduction
began within 20 min of inoculation as shown by the rapid development
of blue colour in the medium and V in solution stabilized at around 0.1
mM by 30 h (Fig. 2). The concentration of U in solution quickly
decreased and remained low; this decrease corresponded to the forma-
tion of a dark, fine grained precipitate visible in the culture bottles.
Uranium in solution also decreased rapidly in the bacteria-free control,
which corresponded to the appearance of white precipitates, likely
uranium phosphate minerals based on SEM imaging and EDS analysis
(Appendix C).

3.3. Changes in chemistry and mineralogy during incubation of carnotite
group minerals

Oxygen K-edge NEXAFS is an excellent probe for the covalency of
actinide-oxide bonds (Wu et al., 1999; Minasian et al., 2013; Wen et al.,
2014). Initial STXM investigations of uranium oxides have shown that
the 4ds/, edge is the most useful absorption edge for STXM in the soft X-
ray region above ~100 eV. In the case of uranium, this edge has a

reproducible charge state shift of ~1.3 eV from uranium (IV) dioxide to
uranium (VI) trioxide (Kalkowski et al., 1987; Nilsson et al., 2005).
There have been several studies of metallic uranium compounds at the
4d edges (Kalkowski et al., 1987; Van der Laan et al., 2004). A useful
comparison is to the actinide metallic counterparts of the dioxides at the
4ds/» edge from these studies. The differences in band structures for
actinide metal versus actinide dioxide can lead to 4ds/» edge peaks with
different widths. This has been observed in the NEXAFS of transition
metals and transition metal oxides (de Groot, 1991). For vanadium, the
2p (Lg,3) absorption spectra are useful to detect oxidation states of V(V),
V(IV) and V(III) (Cressey et al., 1993; Abbate, 1994; Maganas et al.,
2014). Using STXM, we identified V(V) and V(IV) during the incubation
with the U-sandstone. In support of our initial visual observations, V(IV)
was detected 1 d after inoculation and was the dominant oxidation state
detected in association with the bacteria, although V(III) was also
detected during the 10 month period. Some V persisted as V(V)
throughout, supporting that chemical transformation of the U-bearing
minerals was incomplete. In contrast, U was detected only as U(VI)
(Fig. 4). Differences in the spatial distribution of U and V developed over
time, as observed on regions of the solid material (Fig. 5), and which is
consistent with the detection of V(IV). Fine precipitates formed that
appeared to coat larger mineral grains and bacteria (Fig. 3d).

The concentration of Fe was relatively low in the fine fractions
(Table 1). The iron valency appeared to be stable as Fe(II) throughout
the incubation; STXM analysis showed areas of high Fe concentration as
particulates. We also examined the sand fraction and fine fractions that
formed distinct layers during the incubation using XRD. The sand frac-
tion contained quartz, with traces of cristobalite and feldspar (sanidine)
(Fig. 1). In the fine fraction, refinement of the data indicated a mixture



Fig. 3. Transmission electron micrographs showing the association of CN32 with U-ore minerals. a) and b) thin sections of cultures after 3 days; ¢) whole mount
preparation of culture after 3 days; d) whole mount preparation of 4-month culture. Arrows indicate bacteria; scale bars are 500 pm (a, ¢, d) and 250 pm (b).

of K-carnotite, which belongs to the monoclinic space group, and meta-
tyuyamunite. This fraction was enriched in K and depleted in Ca
compared to the initial yellow fine fraction (Table 1), consistent with the
appearance of carnotite. Fritzscheite was not detected even though Mn
and Ba concentrations in the fine fraction were relatively unchanged
after incubation (Table 1). Observations using SEM showed mineral
particles that had a platey structure similar to that seen for the initial U-
bearing minerals, but the plates were thinner and formed rosettes (Ap-
pendix C). SEM-EDS indicated elevated concentrations of P in associa-
tion with U for these structures, suggesting autunite [Ca
(UO3)2(P0O4)2+10-12(H,0)], which can also accommodate Na and K.
Autunite could not be confirmed by bulk XRD likely because of very low
abundance, but it is supported by STXM results (Fig. 4). Distinct parti-
cles of vanadium oxide (VO;) were observed in association with the
bacteria by STXM (discussed below) but were also not detected by bulk
XRD. There was no chemical, mineralogical, or visual evidence for a
distinct UO, component.

3.4. Associations between bacteria, U and V

3.4.1. Carnotite group mineral ore

STXM images show the bacteria were closely associated with nm and
micron-sized particles of the CGM. (Fig. 5). Wet samples imaged using
STXM after one week revealed bacteria embedded in an extensive exo-
polymer matrix that contained protein, lipids, and polysaccharides,
consistent with biofilm formation and growth, with distinct mineral
particles distributed heterogeneously within the biofilm matrix (Ap-
pendix B). Over time, the bacteria appeared to associate preferentially as

individuals or as clusters of few cells with the CGM. Sparse, fine (2-3
nm) precipitates accumulated on the bacteria (Fig. 3d). We did not
observe U or V precipitates in the periplasm or cytoplasm of CN32
during the incubation of CGM, as assessed by TEM observations on thin
sections. This supports that metal reduction took place outside the cell,
consistent with the location of metal reducing enzymes at the outer
leaflet of the outer membrane (Myers and Myers, 1992).

Elemental maps of the solid phase after 8 months show the close
correspondence between V, U, Ba, Ca and K (Appendix A).

3.4.2. Soluble U and V

After inoculation with CN32, the medium became light blue within
two hours, indicating reduction of V(V) to V(IV). Fine precipitates
accumulated in the periplasm of the bacteria and external to the cell
during the incubation, as observed by TEM on thin sections and reported
by others for dissimilatory U(VI) reduction (e.g., Lloyd et al., 2002).
Bacteria formed flocs containing an abundant matrix of exopolymeric
substances (EPS) during reducing conditions. The EPS contained pro-
teins, lipids and carbohydrates, and is chemically similar to the biofilms
observed for the CGM treatment, as indicated by STXM (data not
shown). Uranium and vanadium appeared to concentrate in the extra-
cellular matrix (Fig. 6). After 24 h, we detected U(IV) and V(III) within
the matrix of bacteria, exopolymer and mineral solids. Uranium (VI), V
(V) and V(IV) were not detected after 24 h (Fig. 6).

3.5. Growth inhibition and biofilm assays

Because of the longevity of CN32 in the U-ore treatments compared
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Fig. 4. STXM-derived Vanadium 2p core absorption spectra (left) and Uranium 4d core spectra (right) showing changes during incubation with Shewanella putre-
faciens CN32. V L, 3 absorption maxima shift to lower energy values with reduction from V®* to V** in the range from 514 to 520 eV (indicative V(V) dashed line at
519.1eV) and 524-526 eV. U d absorption maxima shift around 1.3 eV to lower energy with reduction from U(VI) to U(IV), from 780 eV to 778.7 eV (N4 edge), and
from 738 eV to around 737 (N5 edge) (dashed lines, right), which was not observed for the U-ore treatments.

to those with soluble U and V, we tested growth inhibition over a range
of U(VI) and V(IV) concentrations. Vanadyl [V(IV)] was included rather
than V(V) because it was the form of V present in association with
bacteria during the incubation with the U-ore, whereas U(VI) was the
only observed oxidation state of U in the same treatment. Vanadyl is
stable in solution against oxidation for at least 24 h (French et al.,
2013a). To maintain these oxidation states of U and V, the assays were
conducted under aerobic conditions, with the understanding that CN32
adjusts cell wall biochemistry in response to oxygen presence (French
et al., 2013a). The results should, therefore, be interpreted qualitatively
and to compare relative responses to different metal concentrations.
Escherichia coli, well studied as a model Gram-negative organism, was
included as a reference strain (K 12). Calcium was included as a cation
which, at the tested concentrations, would not have negative impact on
cell growth. Calcium ions have important roles in maintaining cell wall
health and affect fundamental processes such as bacterial adhesion
(Ilangovan et al., 2001; Naik et al., 2006). Calcium and V(IV) did not
inhibit growth at any of the tested concentrations, for both bacterial
species. S. putrefaciens was 100-fold more sensitive to the presence of U
(VI) than was E. coli, with growth suppressed at concentrations of 0.01
and 1 mM respectively. E. coli strains in general have shown tolerance to
a wide range of metals (Nies, 2007).

The influence of these soluble metals on the formation and growth of
biofilms was also investigated. As noted earlier, cells surrounded by EPS
were intimately associated with the carnotite group minerals or
occurred as flocs following incubation with U and V species; both are
consistent with descriptions of bacterial growth as a biofilm. To assess
biofilm development in the presence of dissolved V and U, biofilms were
assessed as staining of biomass attached to glass test tubes, shown by the
band thickness and density (Fig. 7). Dense biofilms were formed at all
concentrations tested of Ca and V for CN32, but only at the lowest

concentration of U, 0.001 mM. At this concentration, the amount of
biofilm was increased by 30% relative to the control. The stimulation of
biofilm growth by sub-inhibitory concentrations of U is reminiscent of
bacterial responses to environmental stresses such as sub-inhibitory
concentrations of antibiotics (Andersson and Hughes, 2014). In
contrast, E. coli did not show increased biofilm formation in response to
sub-inhibitory U(VI) and formed less abundant biofilms overall (Fig. 7).
The outer membrane of S. putrefaciens is known to be perturbed by
uranium (French et al., 2013a), with the possible induction of stress
responses (reviewed in Kolhe et al., 2018). Vanadium stimulated biofilm
growth of S. putrefaciens at 1 mM only, with values increasing by 60%
relative to the control; lower concentrations of V yielded values similar
to the control. Calcium had little impact on biofilm growth.

4. Discussion
4.1. U and V chemical transformations

The reduction of naturally occurring, solid phase U(VI) has been
demonstrated to date only for U(VI) precipitates located between larger
lithic fragments (Liu et al., 2009). We did not observe a net chemical
reduction of U(VI) in CGM, in agreement with other studies that did not
observe U(VI) reduction when different U-containing minerals were
incubated with metal reducing bacteria (Ilton et al., 2006; Smeaton
et al., 2008). This outcome is likely due to steric and bonding consid-
erations (Stohl and Smith, 1981), similar to limits on Fe reduction
observed under nutrient limited conditions (Glasauer et al., 2003).

In contrast to U(VI), a portion of the V(V) in the CGM was readily
reduced. Based on half-cell reduction potentials, V(V) in pure solution
under standard conditions can be expected to reduce to V(IV) more
readily than Fe(III) — Fe(II) or U(VI) - U(IV) (Lee, 1992). The chemical



form of the metal and the chemical conditions will clearly impact
reducibility (Cumberland et al., 2016). The reduction potentials for U or
V contained in CGM is unknown. In addition, the ore that we used
contained at least two distinct uranyl vanadate minerals, meta-
tyuyamunite and fritzscheite, and it was not possible to observe their
behavior separately during the incubation. It is likely that the minerals
were not chemically pure due to element substitutions and traces of
other associated elements.

The presence of V(III) species observed during reduction of the CGM
stands in contrast to the lack of U(VI) reduction; V(III) indicates strongly
reducing conditions (Wehrli and Stumm, 1989). In a related study, V(III)
was not detected in the bulk solution when CGM was incubated with
CN32 under identical culture conditions, although V(III) was observed
during the dissimilatory reduction of V(V) added as a sodium vanadate
salt (Li et al., 2007). Although the STXM results present a consistent
picture of U and V chemistry during the incubation, it is feasible that
local areas may have contained U(IV) that was below detection limits or
was not examined. In contrast, U(IV) was detected consistently in the
treatments with soluble V(V) and U(VI) using STXM (Fig. 6). V(III) was
also detected (Appendix D); however, we cannot rule out beam-induced
damage on this dataset. Overall, these data suggestmore highly reduced
conditions.

The geochemistry of vanadium is particularly complex. Vanadium
exists in multiple states of oxidation, hydrolysis, and polymerization
(Macara, 1980; Huang et al., 2015). Pentavalent species are especially
prone to polymerize; at concentrations as low as 1 mM and neutral pH,
HVO,%~ aggregates into trimers and tetramers. Vanadate species, similar
in chemical behavior to phosphate, readily form polynuclear complexes

Fig. 5. Changes over time in the spatial distribution of uranium
and vanadium during incubation of Shewanella putrefaciens with
uranium ore, as shown by scanning transmission X-ray microscopy.
After 3 days: a) STXM image recorded at 518.5 eV showing bacteria
and particles b) chemical map indicating colocalization of V(V) and
U(VI). After 4 months: ¢) STXM image recorded at 518.5 eV and d)
corresponding chemical map showing distinct V(V) and U(VI)
phases and e) chemical map evidencing V(V) and V(IV), derived
from stack fitting using larger pixel size. U(VI) is mainly colocalized
with V(IV) and not with V(V). f) STXM image recorded at 518.5 eV
at 4 months and g) corresponding V map (derived from a “stack”)
showing that bacteria contain vanadium. Uranium was not detected
on the cells. See corresponding spectra in Fig. 4. Arrows point to
bacteria. Scale bars are 1 pm.

with phosphate as well as surface complexes with hydrous oxides
(Wehrli and Stumm, 1989). The redox transition for V(V)-V(IV) occurs
at Eg values comparable to those for Mn(II)-Mn(IV), around 0.1-0.5 V,
which is characteristic for sediment-water interfaces (Wehrli and
Stumm, 1989). Vanadyl species in many natural waters are predicted to
hydrolyze, sorb strongly to mineral surfaces, and are considered rela-
tively insoluble (Wehrli and Stumm, 1989; Huang et al., 2015). The
gradual disappearance of total V from solution correlates with the
accumulation of V(IV) and V(III) precipitates observed on the bacteria,
likely as VO(OH); and V203. Vanadium(III) species are highly insoluble
except in acidic conditions (below pH 2) and in the absence of O,
(Macara, 1980).

4.2. Mineral transformations

The minerals in the U-sandstone were transformed by two main
processes: 1) bacterial dissimilatory reduction of V(V), and 2) exchange
of cations contained in the interlayer of the carnotite group minerals.
The incubation studies with CGM illustrate how biotic and abiotic pro-
cesses can simultaneously affect mineral transformation. Given that U
(VD) and V(V) only coexist in mineral form when both are oxidized
(Langmuir, 1978), the bacterial reduction of V(V) would necessarily
release both metals. The separation of V and U consequent to V reduc-
tion is supported by the appearance of V oxide particles on the bacteria
and the appearance of distinct solids containing U and P. Soluble U was
not detected during the transformation of CGM. The high affinity of U
for adsorption to organic matter and minerals would scavenge dissolved
U, which could help foster the precipitation of U phases. Precipitates of



Fig. 6. STXM-derived elemental distribu-
tion and chemical speciation of uranium in
CN32 samples during the reduction of solu-
ble V, U after three days. a) STXM image
recorded at 307 eV. Scale bar is 2 ym. Cor-
responding element maps showing b) carbon
in red, vanadium in green, c) carbon in red,
uranium in green. d) U Ny 5 edges NEXAFS
spectra showing that U is present as U(IV).
(For interpretation of the references to
colour in this figure legend, the reader is
referred to the web version of this article.)
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Fig. 7. Biofilm formation of Shewanella putrefaciens CN32 and E. coli K-12 in response to U(VI) (a,d); V(IV) (b, e) and Ca (c, f). The amount of retained crystal violet
stain indicates the amount of biomass adhered to the sides of the glass tubes after 20 h incubation in the presence/absence of added elements. (For interpretation of
the references to colour in this figure legend, the reader is referred to the web version of this article.)



fine-grained V- and U-containing phases that formed during the incu-
bation could only be indirectly assessed for mineral properties, i.e.,
using SEM, TEM and STXM. These nanometer-scale particles can be
directly linked to the microbial transformation of V(V) contained in the
U-sandstone minerals. STXM elemental maps revealed regions where U
appeared to be distinct from V, suggesting separation.

Mineral formation was likely fostered by the controlled conditions of
our experiments, e.g., the concentration of K in the culture medium
likely favored CGM over fritzscheite. The limits to cation substitution for
the interlayer of the UO2VO4 sheets have not been established. The el-
ements that comprise the distinct variants include K, Pb, Ba, Mn, Cs, Ca,
Cu, Na, and Al (no Fe variant is known) (Finch and Murakami, 1999),
although it is feasible that additional substituted cations could occur in
low concentrations. In addition, structural water in the interlayer can
vary. For example, hydration-dehydration for tyuyamunite is reversible
for water contents ranging from 3 to 8.5 H20, with meta-tyuyamunite at
the lower end of that range. (Stern et al., 1956). The optical properties
and XRD patterns of the CGM variants are distinct, analogous to the
behavior of swelling clays such as montmorillonite that respond simi-
larly to hydration or exposure to cations having different radii. Although
these transformations were a consequence of experimental conditions,
they illustrate the flexible response of the minerals to changes in their
chemical surroundings, on short time scales, which can have implica-
tions for mineral solubility. For example, carnotite is less soluble than
tyuyamunite under some conditions (Hostetler and Garrels, 1962;
Weeks, 1961). Carnotite group members typically occur together in
complex assemblages which cannot be physically separated and respond
readily to environmental conditions (Stern et al., 1956; Finch and
Murakami, 1999).

In addition, the microscopy studies — both SEM and STXM - support
that autunite formed during the incubation, suggesting that U(VI) that
was released from the U-ore minerals was immobilized by precipitation
with phosphate.

4.3. Reactions at bacteria-mineral and bacteria-metal interfaces

The lack of periplasmic precipitates during the dissimilatory reduc-
tion of V in CGM supports that reduction took place at the interface
between the cell wall and the extracellular environment. For Gram
negative bacteria, the outer and plasma membranes sandwich the
periplasm, a gel-like region that contains proteins involved in shuttling
chemicals and electrons between the outer membrane and the cyto-
plasm. Shuttling factors include soluble cytochrome proteins that can
reduce soluble, oxic forms of metals during anaerobic respiration. If the
reduced form of the metal is insoluble, nano-sized precipitates form in
the periplasm, as documented for U and Tc (e.g., Lloyd et al., 2002) and
observed during the reduction of soluble V and U in our treatments.

It is unknown how bacteria that respire metals maintain critical
chemical gradients and membrane fluidity, and continue to uptake nu-
trients, when bulk conditions favor the sorption of metals and minerals
to the cell envelope (French et al., 2013b). Bacteria are highly interac-
tive with dissolved metal ions due to a high surface-to-volume ratio and
a high density of metal-reactive functional groups in the cell wall
(Beveridge, 1989). They develop extracellular gradients by actively and
passively taking up and expelling metals and other chemical species. As
a result, the interface between the cell wall and the immediate extra-
cellular environment differs in metal composition and concentration
from the bulk suspending fluid. Metal speciation is also a factor; for
example, the rate of Fe>* reduction has been shown to depend on the
form of the metal that is present: soluble, complexed, sorbed or mineral
(Urrutia et al., 1998; Zachara et al., 1998; Haas and DiChristina, 2002;
Glasauer et al., 2003). Cell respiration may contribute to keeping metals
in solution near bacteria through H efflux. For example, more acidic pH
values were observed proximal to bacteria in a biofilm, relative to the
bulk exopolymer, which was suggested to increase metal solubility
(Hunter and Beveridge, 2005). Bacteria have biochemical responses to

environmental change that may help them resist the impacts of soluble
metals on the cell wall. In earlier research, we observed that
S. putrefaciens CN32 altered lipid chemistry in response to uranium and
vanadium, as well as in response to oxygen, which may impact the
accumulation of these elements (French et al., 2013a). In the case of the
treatments with soluble U and V, the accumulation of these elements in
the exopolymer matrix and their exclusion from the bacteria suggest
distinct microenvironments, although this remains speculative.

Our results support that biofilms and flocs of CN32 immobilize U, as
shown by others for U in the presence of microbes in controlled studies
(reviewed in Cao et al., 2011; Cologgi et al., 2014; Stylo et al., 2013).
Immobilization has been demonstrated in a field study of natural bio-
films (Amano et al., 2017) and in natural organic matter associated with
surface and subsurface sediments (Bone et al., 2017; Bone et al., 2020).
In particular, Cao et al. (2011) showed that adsorption of U(VI) is
competitive between EPS and cells of Shewanella HRCR-1, with a higher
proportion of U(VI) associated with EPS when U(VI) concentrations
were lower. This study (Cao et al., 2011) also showed that the presence
of EPS did not affect the reduction efficiency of U(VI) to U(IV), with
around 60% of U(VI) reduced at a concentration of 1 mM, identical to
the concentration we used to investigate reduction of soluble U(VI) and
V(V). Microorganisms respond to environmental stresses such as
nutrient limitation as well as to antimicrobial stress by producing EPS (e.
g., Myszka and Czaczky, 2009; Andersson and Hughes, 2014). The
response of CN32, in terms of growth and proliferation of exopolymeric
substances (EPS), may enhance survival by keeping U species from
interacting with membrane lipids, which decreases membrane fluidity
(French et al., 2013a). The role of EPS in binding potentially toxic ele-
ments is not well understood, largely due to differences in methodology
(reviewed in Butzen and Fein, 2019). We speculate that the binding of U
to high affinity sites in EPS, as observed for Cd (Butzen and Fein, 2019),
would favor bacterial survival. We cannot, however, infer that the
response of CN32 to the lowest concentration of U in our study of biofilm
formation is unequivocally a defense mechanism. It is nevertheless
remarkable that CN32 responds in a way that appears to keep U away
from the cell wall. Our observation that this occurs particularly at sub-
inhibitory concentrations of U suggests that EPS formation and
reduced toxicity are linked. A link between EPS and reduced toxicity to
bacteria may also help to explain why the response to V occurred only at
much higher concentrations, given the relatively low toxicity of V.

A change from oxidizing to reducing conditions, such as at redox
transition zones, may mobilize V in the short term from carnotite-type
minerals. Uranium (VI) species that are released consequently will
sorb to minerals and precipitate at low ion activity; however, it should
be kept in mind that the affinity of U species for organic matter is
particularly high (reviewed in Cumberland et al., 2016). In one study,
this affinity had a greater impact on U mobility than did complexation
by carbonate species, despite thermodynamic predictions (Yang et al.,
2012). In our studies, U did not become soluble when the CGM were
transformed under reducing conditions, indicated by the lack of U in
solution or associated with cells in this treatment. If V and U remain in
pore water and adsorbed to solids, a return to oxidizing conditions could
induce the precipitation of uranyl vanadate minerals (Tokunaga et al.,
2009; Tokunaga et al., 2012). The strong interaction of U(VI) with
organic matter is speculated to have immobilized and concentrated U in
the Colorado Plateau environment (Cumberland et al., 2016; Spirakis,
1996; Hansley and Spirakis, 1992) with eventual precipitation.

4.4. Implications for ore formation

The formation of carnotite-type deposits is controversial. In the
Colorado Plateau, it has been hypothesized that cycles of reducing and
oxidizing conditions have created the present roll front and tabular
structures that characterize the deposits (Weeks, 1961; Hostetler and
Garrels, 1962). V(III) and U(IV) existing separately in primary reduced
minerals would have mobilized upon exposure to moderately oxidizing



conditions in weathering environments. Transport as U(VI) and V(IV)
species under slightly reducing ( 0.1 V), alkaline conditions is one
proposed scenario (Evans and Garrels, 1958; Weeks, 1961). These redox
conditions are similar to those created during the anoxic incubation of
CN32 with the CGM. It is likely that U and V were transformed during
cycles of oxidizing and reducing conditions; reducing conditions would
have prevailed, for example, in the organic-rich Triassic deposits which
may have been infiltrated by U-bearing fluids during the Jurassic period
(Hansley and Spirakis, 1992; Spirakis, 1996). Subsequent oxidizing
conditions would have led to the mobilization and ultimate coprecipi-
tation of V and U as carnotite-type minerals. Bacterial activity may
continue to exert an important control on the mobility of both U and V in
the subsurface environment of the Colorado Plateau today.

5. Conclusions

Our results support previous studies in demonstrating the resistance
of mineral U(VI) to bacterial reduction. In contrast to those studies,
however, the carnotite group minerals include an alternate oxidized
element, V(V), that readily served as an electron acceptor in our ex-
periments. Reduction of mineral-bound V(V) did not liberate U into
solution; instead, there was evidence that autunite was formed. The
initial carnotite group mineral fritzscheite was transformed to K-
carnotite through the replacement of interlayer cations, indicating that
mineral changes were induced through biotic and abiotic pathways. In
contrast to our investigations with mineral U and V, soluble V(V) and U
(VI) were readily reduced in the presence of metal-respiring bacteria.
The abundant exopolymer matrix which surrounded the bacteria during
respiration of the soluble electron acceptors appeared to accumulate
these elements in preference to bacterial surfaces. This suggests that the

biofilm matrix helped to reduce the exposure of bacteria in particular to
U, which is highly toxic. Understanding the role of biofilms in amelio-
rating toxicity is important given that exopolymeric substances are
produced by bacteria in response to environmental conditions.

Natural environments contain many possible electron acceptors for
bacteria that can adapt readily to challenging conditions. Understanding
the relative availability of electron acceptors from the microbial
perspective is key to interpreting element solubility and mineral trans-
formation reactions in the present — and perhaps in the past.
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Appendix A. STXM image recorded at 738 eV (U N5 -edge) and STXM-derived elemental maps of carnotite after incubation with CN32 for

8 months. Scale bars are 2 pym

Appendix B. STXM-derived elemental maps (at C K and U Ny 5 edges) of hydrated samples after 1 week incubation with U ore, showing
abundant C matrix with potassium associated with embedded bacterial cells (a). The bacteria are not strongly associated with U (b).

Scale bars are 500 pm. Arrows point to cells



Appendix C. Minerals containing U and P formed during the incubation of CN32 with uranium sandstone ore

Carnotite bacteria exposure
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Appendix D. STXM-derived VL2,3 and O-K edges NEXAFS spectra of CN32 samples during the reduction of soluble V, U after three days
suggesting the presence of V(III)
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