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ARTICLE INFO ABSTRACT

Editor: Dr. R. Debora Cupriavidus metallidurans is a model bacterium to study molecular metal resistance mechanisms and its use for the

bioremediation of several metals has been shown. However, its mechanisms for radionuclide resistance are

Keywords: unexplored. We investigated the interaction with uranium and associated cellular response to uranium for
C. m?talhd“rans Cupriavidus metallidurans NA4. Strain NA4 actively captured 98 + 1% of the uranium in its biomass after growing
E;Ial;”“m 24 h in the presence of 100 uM uranyl nitrate. TEM HAADF-EDX microscopy confirmed intracellular uranium-
Transcriptomics phosphate precipitates that were mainly associated with polyhydroxybutyrate. Furthermore, whole tran-

scriptome sequencing indicated a complex transcriptional response with upregulation of genes encoding general
stress-related proteins and several genes involved in metal resistance. More in particular, gene clusters known to
be involved in copper and silver resistance were differentially expressed. This study provides further insights into
bacterial interactions with and their response to uranium. Our results could be promising for uranium biore-

Metal resistance

mediation purposes with the multi-metal resistant bacterium C. metallidurans NA4.

1. Introduction

Anthropogenic activities like ore mining and processing, phosphate
mining for fertilizer production, and oil and gas production, contribute
to an increase in naturally occurring radioactive materials (NORM) such
as uranium (IAEA, 2003; Ma et al., 2020; Rogiers et al., 2021). Conse-
quently, these activities result in a reoccurring contamination of ura-
nium in soil and groundwater, which poses a threat when accumulated
through the food chain [Reviewed in 2]. The severity of this bio-
accumulation depends on the mobility of uranium.

Microorganisms can influence the mobility of uranium through
biosorption (Francis et al., 2004), redox transformations (Suzuki et al.,
2005; Beller, 2005), uptake and intracellular accumulation (Suzuki and
Banfield, 2004), and biomineralization with phosphates (Jroundi et al.,
2007; Martinez et al., 2007) and carbonates (Carvajal et al., 2012;
Merroun and Selenska-Pobell, 2008). In turn, uranium exerts pressure
on the microbial community and can change its structure and functional
properties (Lopez-Fernandez et al., 2018; Sutcliffe et al., 2017).

* Corresponding author.

Investigating the interaction between microorganisms and uranium is
important to correctly assess the behavior of uranium in contaminated
environments. Most studies focus on the phenotypical interaction be-
tween microorganisms and uranium while the cellular response could
provide additional insights on molecular resistance mechanisms and the
toxic effect of uranium. Although a shift has been made in the last two
decades, detailed understanding on the molecular mechanisms is still
lacking. Nevertheless, comprehensive insights in these mechanisms are
necessary for the development and optimization of uranium biosensors
and can aid bioremediation processes (Hillson et al., 2007). Phosphatase
activity have been shown to be involved in extra- and intracellular
uranium-phosphate precipitation in several strains e.g. Citrobacter
(Macaskie et al., 2000), Bacillus (Beazley et al., 2007), Sphingomonas
(Merroun et al., 2011), Caulobacter crescentus (Hu et al., 2005; Yung and
Jiao, 2014) and Stenotrophomonas bentonitica BII-R7 (Pinel-Cabello
et al., 2021). Moreover, several genes have been identified that play a
key role in uranium resistance in Caulobacter crescentus (Yung et al.,
2015). These genes comprise two outer membrane transporters, a
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stress-responsive transcription factor, and a ppGpp synthetase/hy-
drolase in the absence of glucose (Yung et al., 2015). Proteins involved
in phosphate and iron metabolic pathways were induced in Micro-
bacterium oleivoras A9 after uranium exposure. However, the link be-
tween iron metabolism and uranium resistance remains unclear (Gallois
et al., 2018; Theodorakopoulos et al., 2015). In anoxic environments, c-
type cytochromes are important in the reduction of bioavailable U%* to
water insoluble U** in Geobacter and Shewanella species (Holmes et al.,
2009; Anderson et al., 2003; Shelobolina et al., 2007, 2008; Shi et al.,
2011; Ghasemi et al., 2020; Ganesh et al., 1997), and uranium removal
capacity was reduced when genes involved in nitrogen metabolism and
oxidative phosphorylation were introduced in Bacillus atrophaeus ATCC
9372 (Wang et al., 2019).

The model bacterium C. metallidurans is known to harbor a wide
plethora of metal resistance genes and strains are typically isolated from
metal-contaminated environments (Diels and Mergeay, 1990; Mijnen-
donckx et al., 2013). Moreover, strain C. metallidurans NA4 has been
shown to be able to adapt to toxic metal concentrations and its genome
has been completely resolved (Ali et al., 2019; Mijnendonckx et al.,
2019). However, its radionuclide resistance mechanisms are largely
unknown. Here, we studied the interaction of C. metallidurans strain NA4
with uranium. To this end, the strain was grown in the presence of
uranyl nitrate and removal was measured and analyzed with Inductively
Coupled Plasma-Mass Spectrometry (ICP-MS) and high-angle annular
dark-field scanning transmission electron microscopy combined with
Energy-dispersive X-ray spectroscopy (STEM HAADF-EDX), respec-
tively. In addition, its response to uranium was revealed by whole
transcriptome profiling.

2. Materials and methods
2.1. Strains, media and culture conditions

C. metallidurans NA4 was routinely cultured in RM medium (Mergeay
et al., 1985) with a final composition of 4.68 g/L NaCl, 1.49 g/L KCl,
1.07 g/L NH4Cl, 0.43 g/L NaySO4, 0.2 g/L MgCly«6H20, 0.03 g/L
CaCly¢2H50, 0.02 mM Fe(NHy) citrate, 20 mM MOPS buffer (pH 7
stock), 0.95 mM Nay-p-glycerol phosphate and 1 mL of the trace element
solution SL7 of Biebl and Pfennig (Biebl and Pfenning, 1981). RM was
supplemented with 0.2% (wt/vol) sodium gluconate as a carbon source.
Cultures were grown in the dark at 30 °C with shaking at 120 rpm. For
culturing on solid media, 2% agar (bacteriological, OXOID, United
Kingdom) was added. Uranium was added as UO3(NO3)2.6H20 (dis-
solved in 100 mM HCI, SPI chemicals, USA).

2.2. Uranium resistance of C. metallidurans NA4

Three independent stationary phase cultures grown in RM medium
for two days were pelleted for 5 min at 8500 g, washed with 10 mM
MgSO0, and diluted to a cell concentration of 1 x 107 cells/mL in a flat
bottom 96-well plate (Cellstar 96 Well Cell Culture Plate, Greiner Bio-
One, Belgium) that contained RM medium with or without different
UO2(NO3), concentrations. Growth (ODsgs) was monitored for three
days at 30 °C, 300 rpm in a 96-well plate reader (Multiskan Ascent,
Thermo Labsystems). Growth curves were analyzed with the R
Growthcurver package (version 0.3.1) (Sprouffske and Wagner, 2016; R
Core Team, 2019). The impact of UO5(NO3), on growth was calculated
by dividing the empirical area under curve (auc_e) of a growth curve in
the presence of uranium by the auc_e of the same replicate in the absence
of uranium.

2.3. Interaction of C. metallidurans NA4 with uranium
Three independent stationary phase cultures grown in RM medium

for two days were pelleted for 5 min at 8500 g (Eppendorf centrifuge
5804R), washed with 10 mM MgSO4 and diluted to a cell concentration
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0f 10° cells/mL (ODgop = 1) in RM medium. Each suspension was split in
two and diluted 10 times in RM medium in culture flasks (Cellstar cell
culture flasks 250 mL) with a final volume of 60 mL. Half of the sus-
pensions were supplemented 75 pM carbonyl cyanide m-chlorophenyl
hydrazone (CCCP, Sigma-Aldrich, Belgium) to metabolically inactivate
the cultures by blocking the electron transport chain. In addition, three
abiotic replicates, without cells, were prepared as a control. UO2(NO3),
was added to a final concentration of 100 uM to all replicates. Cultures
were incubated in the dark at 30 °C on a 180 rpm rotary shaker. Samples
were taken at 0, 6 and 24 h for determining viable and total counts,
inductively coupled plasma-mass spectrometry (ICP-MS), transmission
electron microscopy (TEM HAADF-EDX) and ion chromatography (IC).

2.3.1. Viable counts

Samples were vortexed horizontally for 2 min, diluted ten times in
Ringer solution (2.25 g/L NaCl, 0.105 g/L KCl, 0.12 g/L CaCly, 0.05 g/L
NaHCO3 and 0.05% Tween-20) and vortexed again for 2 min. A ten-fold
dilution series prepared in Ringer solution was plated on RM agar plates,
incubated at 30 °C and colony forming units (CFU) were counted after 3
days.

2.3.2. Total cell count

Total cell counts were performed via flow cytometry. Samples were
diluted in 0.2 pm filter-sterilized (acrodisc syringe filters 25 mm, Pall
corporation, USA) bottled mineral Evian water and double-stranded
DNA was stained with SYBR Green I (10,000x concentrate in 0.2 ym
filtered dimethyl sulfoxide, ThermoFisher Scientific, Belgium) (final
concentration 1x). Samples were incubated for 20 min at 37 °C in dark
conditions and each sample was run for 50 uL with a threshold of 1000
on FL-1 H on a C6 Accuri Flow Cytometer (BD, Erembodegem, Belgium),
which was equipped with four fluorescence detectors (530/30 nm, 585/
40 nm, >670 nm and 675/25 nm), two scatter detectors and a 20 mW
488 nm laser. PhenoFlow package for R (Props et al., 2016) was used for
gating and event counting.

2.3.3. Inductively coupled plasma-mass spectrometry analysis

Ten mL of each culture was centrifuged for 5 min at 8500 g (Rotina
420 R, Hettich). The supernatant was transferred to a new falcon tube,
acidified with 65% HNOs3 to a final concentration of 2% and filtered
through a 0.45 pm filter (Acrodisc 25 mm Syringe Filter, Pall Corpora-
tion) before analysis with an Xseries 2 ICP-MS (Thermo Fischer Scien-
tific). The spectrometer contains an ESI autosampler with a fast valve, a
PFA-ST atomizer and a glass spray chamber for liquid samples. Samples
were measured in STD-mode and Th was used as an internal standard to
correct for possible drift or matrix-effects.

2.3.4. Transmission electron microscopy

After 24 h growth in the presence of 100 uM UO2(NO3),, samples
were pelleted (5 min 8500 g, Rotina 420 R, Hettich), washed twice with
0.1 M sodium perchlorate (VWR) and fixed at 4 °C for 24 h in 0.1 M
sodium cacodylate trihydrate (Sigma-Aldrich) with 2.5% glutaralde-
hyde (vol/vol, Sigma-Aldrich) pH 7.2. Afterwards, cells were dissolved
in 0.2 M sodium cacodylate trihydrate and post-fixed in 2% OsO4 (vol/
vol) at 4 °C. Samples were dehydrated in graded concentrations of
ethanol and embedded in Epon resin. Ultra-thin sections (70 nm) were
deposited on copper grids and observed on a Scanning Transmission
Electron Microscopy of High Resolution HAADF FEI TITAN G2 (Chem-
iSTEM, FEI, Oregon, USA). The composition of uranium complexes was
analyzed by microanalysis with X-ray energy dispersion (EDX).

2.3.5. Ion chromatography

Samples were filtered through a 0.45 um filter (Acrodisc 25 mm
Syringe Filter, Pall Corporation) and stored at —20 °C until analysis.
Glycerol phosphate, present in RM medium, and phosphate, present
because of glycerol phosphate hydrolysis, were measured with a Dionex
ICS2500 ion chromatography system packed with an IonPac AS11-HS
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Fig. 1. Growth of C. metallidurans strain NA4 in the presence of different ura-
nium concentrations. Data is shown as the percentage of cumulative biomass
based on auc_e after 72 h with three replicates.

anion exchange column. The eluent gradient program was 1 mM sodium
hydroxide for 8 min, increasing to 15 mM sodium hydroxide during the
following 10 min, increasing to 30 mM sodium hydroxide in the
following 10 min, in the next 10 min increasing to 60 mM sodium hy-
droxide and finally hold for 2 min at 60 mM sodium hydroxide. Results
were analyzed with the Chromeleon V6.50 software.

2.4. Whole genome expression analysis

Three independent stationary phase cultures of C. metallidurans NA4
were diluted 1/500 in 50 mL RM medium. The cultures were incubated
at 30 °C 120 rpm until a cell concentration of 6 x 108 cells/mL (ODggg =
0.6) was reached. Then, cultures were divided into two equal sub-
cultures of 25 mL in new falcon tubes. To one of the subcultures, 100 uM
UO2(NO3), was added, while 100 uM HCI was added to the other sub-
culture as control. Immediately after addition, the subcultures were
incubated for 30 min in the same conditions as before. Next, subcultures
were subdivided into 2 mL portions and centrifuged for 5 min at 12,000
g. The supernatant was discarded and pellets were snap frozen in liquid
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nitrogen and kept at —80 °C at all times. RNA was extracted from the
pellets using the Promega SV total RNA isolation system (Promega, The
Netherlands). RNA sequencing (directional mRNA library, RiboZero
rRNA depletion and 2 x 125 bp paired-end sequencing) was performed
by Eurofins Genomics GmbH (Ebersberg, Germany). The RNA-seq
datasets generated and analyzed for this study are available from the
NCBI Sequence Read Archive under accession number PRINA707064.

Read alignment to the C. metallidurans NA4 genome (v2 MaGe
platform (Vallenet et al., 2013)) and strand-specific read counting
(featureCounts) were done with the Rsubread package for R (Liao et al.,
2019). Differential gene expression of the resulting count matrix was
accomplished using edgeR (Robinson et al., 2009) and limma (Ritchie
et al., 2015), using a Benjamini-Hochberg approach to control for Type
1 statistical errors. Genes were found to be differentially expressed if
they show a logs fold change higher than 1 or lower than —1 and a
p-value lower than 0.05. Further analysis was performed based on the
eggNOG functional classification (Powell et al., 2012), downloaded
from the MaGe platform (Vallenet et al., 2013), and p-values were
calculated using the R MLP package (version 1.34.0) on classes with
known function (Raghavan et al., 2019).

3. Results & discussion

3.1. C. metallidurans NA4 exhibits an active mechanism to precipitate
uranium intracellularly as uranium-phosphate associated with PHB

The impact of uranium on the growth of C. metallidurans NA4 was
investigated by following the optical density in the presence of different
concentrations of UO3(NO3),. Growth was not affected up to 62.5 uM
uranium, severely impaired at 125 pM and 250 uM, and completely
inhibited from 500 uM onwards (Fig. 1). Next, the interaction and
removal was investigated by following growth in the presence and
absence of 100 uM uranium. To differentiate between active and passive
mechanisms, CCCP, a chemical known to inhibit the proton motive force
and resistance-nodulation-division (RND) efflux pumps (Ikonomidis
et al., 2008; Pages et al., 2005), was added to inactivate the metabolic
activity of NA4.
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Fig. 2. Growth of C. metallidurans NA4 in the presence of uranium. Total (a) and viable (b) counts, concentration of UO2(NO3), (c), glycerol 2-phosphate (d) and
phosphate (e) in the supernatant. Abiotic controls are not visible in a) and b), no abiotic cccp control is presented in c). Values represent the average and standard

deviation of three replicates.



T. Rogiers et al.

HAADF

NA4 Os 1 100 nm
MAG: 115kx HV: 300kV

C) o))

P

NA4 Os 1
| |MAG: 115kx HV: 300kV

NA4 Os 1
MAG: 115kx HV: 300kV

NA4 Os 1 100 nm
MAG: 115kx HV: 300kV

% 0.001 cps/eV

Journal of Hazardous Materials 421 (2022) 126737

Fig. 3. TEM analysis of the interaction between
C. metallidurans NA4 and uranium. Transmission electron
micrographs of a thin section of C. metallidurans NA4 cells
after growth for 24h in the presence of 100 pM
UO2(NO3),. (a) HAADF-STEM micrograph together with
distribution analysis of (b) uranium (purple) and phos-
phorus (green), (c) uranium and (d) phosphorus. (e) EDX
spectra of a uranium structure near the PHB envelope. The
characteristic peaks of copper in the EDX spectra are
caused by fluorescence excitation of the TEM support grid.
The lead (Pb) peak in the EDX spectrum originated from
the lead citrate solution used to improve the visualization
of the uranium-treated thin cell sections (Merroun et al.,
2005).
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Growth was observed in the presence and absence of uranium
(Fig. 2a). However, cultures without uranium (9.2 x 10° £ 6.5 x 108
cells/mL) contained approximately three times more cells than the
cultures with uranium (3.0 x10° + 1.3 x10° cells/mL) after 24 h. This
illustrates the toxic effect of uranium as it impacted final cell density.
The difference is even more pronounced when evaluating viable counts
(Fig. 2b). Roughly ten times more viable cells were observed without
uranium (5.8 x 10° +1.5 x 10° CFU/mL) than with wuranium
(5.3 x 10® + 3.9 x 10® CFU/mL) at 24 h. In the presence of CCCP, the
total number of cells was constant (Fig. 2a), while the number of viable
cells decreased on average four times more for cultures with uranium
(1.9 x 107 + 7.5 x 10° CFU/mL versus 7.5 x 107 + 1.4 x 107 CFU/mL)

ludm bbbl b Lokt

after 24 h.

Uranium was not removed from the medium after 6 h, while
98 + 1% was removed after 24 h (Fig. 2¢). No uranium removal was
observed in the CCCP-treated NA4 cultures (Fig. 2c), indicating that
C. metallidurans NA4 actively captures uranium via a metabolic-
dependent mechanism. TEM analysis at the 24 h time point indicated
that uranium is located intracellular and mainly associated with poly-
hydroxybutyrate (PHB, Fig. 3a). No extracellular uranium precipitates
were observed. Furthermore, EDX analysis revealed a correlation be-
tween uranium and phosphorus (Fig. 3b-e), suggesting the complexation
of uranium with phosphate. Ion chromatography showed that glycerol
2-phosphate, a component of the growth medium, was completely
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hydrolyzed after 24 h with an increase in free phosphate but no differ-
ence was seen with or without uranium (Fig. 2d and e). The CCCP-
treated cultures also showed a decrease in glycerol phosphate, but to a
much lesser extent, which supports the inhibited metabolic activity.
Furthermore, the total concentration of glycerol-2 phosphate and free
phosphate was constant for the CCCP-treated cultures, indicating no
uptake by the cells. Glycerol phosphate, at a ten times higher concen-
tration, has been used previously for extracellular uranium-phosphate
precipitation under anaerobic and fermentative conditions (Newsome
et al., 2015). However, even though phosphate is released in the me-
dium, no extracellular uranium precipitation was observed in our con-
ditions (Fig. 2c). Possibly, extracellular precipitates were under the
detection limit of the TEM-EDX analysis. Furthermore, organic acids are
known to influence uranium biomineralization (Tu et al., 2019). Glu-
conate could thus interfere with extracellular uranium-phosphate
precipitation.

The active uranium-phosphate complexation observed in this study
differs from the passive biosorption of uranium-phosphate and uranium-
carboxylate observed in C. metallidurans type strain CH34 at pH 1 and 7
(Llorens et al., 2012). Experiments were performed with Citrate Salt
Medium (CSM), which results in a different growth profile compared to
routinely used Tris-buffered medium and also RM medium without
uranium (Llorens et al., 2012). Uranium-citrate was the major form in
the CSM medium and this probably differed from the available uranium
complex in RM medium as only a limited amount of citrate is present.
This could have impacted the way C. metallidurans interacts with
uranium.

Uranium-phosphate complexation in bacteria, e.g. mediated by
phosphatases, has often been described (Yung and Jiao, 2014;
Pinel-Cabello et al., 2021; Kulkarni et al., 2016). However, the associ-
ation of uranium-phosphate with PHB has not yet been observed. PHB is
commonly produced under nutrient starving conditions, such as nitro-
gen, phosphate or oxygen while encountering an excess of carbon
(Schlegel et al., 1961; Third et al., 2003; Oliveira-Filho et al., 2020). It is
therefore mainly thought to function as carbon storage, however, a
wider protective role has been shown (Miiller-Santos et al., 2020). PHB
was found to protect moderate levels of oxidative stress, heating and
Cu?* stress (Kamnev et al., 2012; Obruca et al., 2016, 2010). Further-
more, simultaneous PHB and polyphosphate (polyP) accumulation has
been observed (Doi et al., 1989). PolyP has also been found to be
associated with membrane-associated short-chain PHB (Reusch, 2012;
Reusch and Sadoff, 1988) and uranium (Merroun et al., 2003, 2006).
PHB granules in C. metallidurans NA4 might therefore serve as nucle-
ation centers for uranium-phosphate complexation. This intracellular
uranium-phosphate bioaccumulation mechanism is promising for
bioremediation purposes as uranium-phosphate is less prone to remo-
bilization through reoxidation (Romanchuk et al., 2020; Williamson
et al., 2014).

3.2. Uranium induces broad changes in the transcriptome

To gain more insights into the effect of uranium on the tran-
scriptome, RNA-seq was performed after exposure of C. metallidurans
strain NA4 to 100 uM UO2(NO3), for 30 min and compared to unex-
posed cells. This resulted in 447 up- and 331 downregulated genes.
Differentially expressed genes were mostly located on the chromid,
followed by the chromosome and the different plasmids. No significant
differentially expressed genes were present on plasmid pNA4_C (Fig. 4).

EggNOG functional classification combined with the MLP R package
was used to explore the functional relevance of the differentially
expressed genes. Genes of different classes were differentially expressed
and nine classes were significantly over-represented (Fig. 5), in order of
decreasing significance: inorganic ion transport and metabolism (class
P), amino acid transport and metabolism (class E), signal transduction
mechanisms (class T), cell wall/membrane/envelope biogenesis (class
M), posttranslational modification, protein turnover, chaperones (class
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0), energy production and conversion (C), secondary metabolites
biosynthesis, transport and catabolism (class Q), cell motility (class N)
and defense mechanisms (class V). Upregulated genes of classes P, T, Q
and some genes of class M are involved in metal detoxification. Classes
V, C, N, E and O corresponded more to general stress responses or
possible non-specific inductions.

3.2.1. General stress responses

C. metallidurans NA4 harbors 48 two-component regulatory systems
(TCSs) (class T), which play an important role in the ability to respond to
changing environmental stimuli by modifying gene expression levels
(Laub and Goulian, 2007). Transcription of 10 TCSs was upregulated
including one of the EnvZ-OmpR-family TCSs (Table S1). This family of
TCSs typically responds to osmolarity changes by regulating the
expression of the outer membrane porins (Cai and Inouye, 2002), but
non-canonical responses have also been identified (Kenney and Anand,
2020). The induced envZ-ompR copy is located adjacent to an upregu-
lated multidrug efflux system (mdtCBA, class V). Possibly, EnvZ-OmpR
regulates this RND-type efflux system in C. metallidurans and was
upregulated as a general stress response.

Upregulated genes associated with energy production and conver-
sion (class C) were mainly involved in nitrite and nitrate reduction (nir
and nar genes), presumably because of the upregulation of narLX, while
cytochrome ¢ and cytochrome c oxidases were found up- and down-
regulated (Table S1). Cytochrome c is known to have a prominent role in
uranium reduction in several species (Holmes et al., 2009; Anderson
et al., 2003; Shelobolina et al., 2007, 2008; Payne et al., 2004). How-
ever, reduction of uranium or nitrate is not expected in an aerobic
environment. Furthermore, if uranium is reduced to U**, oxygen allows
a fast re-oxidation to Ut® (Bracken et al., 2006).

Flagellar and chemotaxis genes (class N) were downregulated, which
was also observed in S. bentonitica BII-R7 in response to uranium
(Pinel-Cabello et al., 2021). Heat shock proteins, proteases and pepti-
dases (class O) were also upregulated, probably as a stress response to
protect and/or regulate the proteome during uranium exposure. Amino
acid ABC-type transporters (class E), such as branched chain amino acid
transporters livFGMHK and dipeptide transporters dppFDA, and sec-
ondary metabolites biosynthesis, transport and catabolism (class Q),
such as phenol hydroxylase dmpLMNO and phenylacetyl-CoA ligase
paakK (Table S1) were also downregulated.

In Caulobacter crescentus, a mutant lacking ppGpp synthetase/hy-
drolase spoT was found to have a lower survival rate under U stress in
carbon starvation conditions (Yung et al., 2015). PpGpp has been
designated as a global regulator to aid adaptation of an organism to
environmental conditions, as reviewed in (Cavalheiro et al., 2009). In
C. metallidurans NA4, spoT was not differentially expressed, presumably
since RNA-seq was not performed under carbon starvation conditions.
However, this does not refute a role for spoT in carbon starvation
conditions.

3.2.2. PHB and phosphate metabolism

A TCS of the OmpR/winged helix family
(CmetNA4 _v1_pm2511-2512) was upregulated and found in the vicinity
of upregulated genes coding for an aldehyde dehydrogenase (aldB), an
acetoacetyl-CoA reductase (phaB), a poly-beta-hydroxybutyrate poly-
merase (phaC) and unknown functions (Table S1). A second copy of the
pha locus was not differentially expressed (CmetNA4 _v2_2218-2220).
PHB production has been investigated extensively in Cupriavidus necator
(Yang et al., 2009). PHB granules are covered with proteins such as
PhaC, involved in PHB biosynthesis, PhaZ, which can hydrolyze PHB or
induce PHB thiolysis under carbon starvation, and phasins (PhaPs),
amphiphilic polypeptides with an undefined role (Miiller-Santos et al.,
2020). The regulation of these phasins is attributed to the negative
transcriptional regulator PhaR, which also binds to the PHB surface to
decrease the amount of DNA-bound PhaR. In C. metallidurans NA4, PhaR
(CmetNA4_v2_2222) was not differentially expressed after exposure to
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LdHO

Fig. 4. Scatter plot of RNA-Seq-derived gene expression in C. metallidurans NA4 after 100 pM uranium exposure compared to non-induced conditions. Dots represent
log,, ratios (blue p < 0.05) with red, black, and green lines corresponding to —1, 0, and 1, respectively. (CHR1: chromosome; CHR2: chromid; pA: plasmid pNA4_A;

pB: plasmid pNA4_B; pC: plasmid pNA4_C; pD: plasmid pNA4 D).

uranium, but the unidentified TCS (CmetNA4_v1_pm2511-2512) might
regulate carbon metabolism related to PHB production by inducing phaB
and phaC expression (Table S1).

The involvement of phosphatases is often observed and suggested to
play an essential role in uranium-phosphate complexation (Hu et al.,
2005; Yung and Jiao, 2014; Pinel-Cabello et al., 2021; Theodor-
akopoulos et al., 2015). However, phosphatases were not differentially
expressed after uranium induction in C. metallidurans NA4. Moreover, a
glycerol 3-phosphate transporter (ugpBAEC, CmetNA4_v2_3084-3087)
and a cytosolic glycerophosphodiester phosphodiesterase (ugpQ, Cmet-
NA4_v2_3083) were found to be downregulated. While ugpBAECQ is
designated as a glycerol 3-phosphate transporter, it has also been sug-
gested that it can recognize glycerol 2-phosphate as a substrate in E. coli

K-12 (Orellana et al., 2014). This could mean that glycerol 2-phosphate
uptake is reduced so that extracellular hydrolysis is preferred. Glycerol
2-phosphate is presumably hydrolyzed by phosphatases such as the
secreted CmetNA4 v2_ 3680, periplasmic CmetNA4 vl_pm0542, phoA
(CmetNA4 vl pm1046-1047), and CmetNA4 vl pA0287-0288 or
cytoplasmic membrane associated CmetNA4_v2_0397. However, it is not
presumed to have a big impact in these conditions since glycerol 2-phos-
phate was present in excess and no difference in hydrolysis rate was
observed in our experiments with/without uranium (Fig. 2d). Further-
more, considering the downregulation of ugpBAECQ and the release of
free phosphate during our experiments (Fig. 2e), the secreted phos-
phatase CmetNA4_v2_3680 is suggested to have a major contribution to
the hydrolysis of glycerol 2-phosphate.
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Fig. 6. Metal detoxification genes. Overview of all metal detoxification genes present in C. metallidurans NA4. Significant (orange dots; p < 0.05) and non-significant
(grey dots) log, ratios are shown for known metal resistance genes located on the chromosome (purple line under the graph), chromid (light blue), pA (dark blue),
and pB (green). Dotted lines correspond to —1 and 1, respectively. *non-functional genes. **NA.



T. Rogiers et al.

3.2.3. Metal detoxification genes

Cupriavidus metallidurans NA4 harbors a wide plethora of metal
resistance genes of which several are induced after uranium induction
(Fig. 6). Although specific uranium efflux mechanisms have not yet been
described, genes encoding RND-type systems were upregulated in
Stenotrophomonas bentonitica and Geobacter sulfurreducens after uranium
induction (Pinel-Cabello et al.,, 2021; Nies et al.,, 1987). For
G. sulfurreducens, czcABC, involved in cadmium, zinc and cobalt resis-
tance (Mergeay et al., 1985; Nongkhlaw and Joshi, 2019), was upre-
gulated, while in S. bentonitica only czcA was upregulated during the
exponential phase. In Chryseobacterium sp. PMSZPI, czcA was also
upregulated in the presence of 0.5 mM uranium (Monsieurs et al., 2011).
C. metallidurans NA4 harbors two czc gene clusters, both located on the
chromid. One cluster (CmetNA4_vl_pm2249-2254) was not differen-
tially expressed. The second cluster (CmetNA4_v1l_pm0610-0620) was
upregulated, probably mediated via the upregulated cognate TCS
CzcR,S, (Table S1). However, czcC, carries a 2-bp deletion, which re-
sults in an abnormal short protein (207 instead of 432 residues) and
putatively inactive CzcCyByA; pump. Therefore, although CzcCBA
seems responsive towards uranium, its role in C. metallidurans NA4 is
currently uncertain. Further research is necessary to investigate a
possible role in uranium resistance. Noticeably, almost all genes (from 9
different clusters) involved in the response to and detoxification of silver
and copper were upregulated (Fig. 6). However, a link between uranium
and copper or silver resistance is not yet known. Putatively, uranium
induced the expression of several TCSs (czcR2S2, copR»Sz and three
copies of copRS), which on its turn resulted in the upregulation of their
target regulations. Moreover, possible cross-regulation between
metal-responsive TCSs has been shown [79].

Other metal resistance gene clusters were not clearly up- or down-
regulated. However, uranium has been shown to impact iron meta-
bolism with a possible role for siderophores (Gallois et al., 2018; Nies
et al.,, 1987). The iron-related response in C. metallidurans NA4 was
ambiguous. Most iron metabolism genes, such as siderophores, were not
differentially expressed, only a 4Fe-4S ferredoxin (CmetNA4_v2_3073),
ferric uptake regulation protein (fur, CmetNA4_v1_pm2192) and ferric
aerobactin receptor (iutA, CmetNA4 vl pm2186) were upregulated
while three other ferredoxins (CmetNA4 v2_1971,
CmetNA4 vl _pm1751-1752) and a putative periplasmic binding
component involved in Sa transport (CmetNA4_vl_pm0053) were
downregulated (Table S1).

4. Conclusions

Although uranium hampered cell growth, C. metallidurans NA4 was
able to remove uranium from the medium as uranium-phosphate com-
plexes via an active mechanism. It was shown for the first time that these
complexes were mainly associated with PHB, which might serve as a
nucleation center for uranium-phosphate precipitation. The toxic effect
of uranium was further confirmed by whole transcriptome sequencing
after uranium induction, which revealed a broad response. Overall,
genes encoding general stress-related proteins were upregulated such as
a multidrug efflux system and heat shock proteins. Phosphatases are
often linked with forming uranium-phosphate precipitates; however we
could not identify a clear link with phosphate metabolism and the
observed uranium-phosphate precipitates. The association of PHB
granules with uranium phosphate precipitates could have been facili-
tated by the upregulation of a poly-beta-hydroxybutyrate polymerase
(phaC). Gene clusters involved in copper and silver resistance were
upregulated together with some genes related to cadmium, cobalt and
zinc resistance, while gene clusters involved in chromium, lead, mer-
cury, nickel and arsenic resistance were not differentially expressed. The
complex transcriptional response could be facilitated by the upregula-
tion of 10 TCSs, of which five are known to be involved in metal resis-
tance and are able to cross-regulate different genes. Such a versatile
transcriptional network probably enables C. metallidurans species to
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thrive in environments contaminated with multiple metals. Altogether,
our results bring further insights on interaction mechanisms of micro-
organisms with uranium, together with a better understanding of the
molecular uranium response. The active uranium bioaccumulation
process of the multi-metal resistant bacterium C. metallidurans NA4 is
promising for uranium bioremediation purposes. Nevertheless, biore-
mediation applications could benefit from additional studies in a mul-
tiple metal environment to further unravel possible co-resistance/
sensitivity between different metals.
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