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• Microbes involve mechanisms for the ad-
aptation to U roll-front orebody environ-
ment.

• All domains of life, especially Bacteria,
play a key role in biogeochemical cycling.

• Assimilation of N, S, and C is clue for bac-
terial resistance to extreme conditions.

• DNA repair, homeostasis, and metal toler-
ance genes are adopted to survive high
stress.

• By their strong activities, microbes are in-
volved in the roll-front orebody genesis.
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Uranium (U) roll-front deposits constitute a valuable source for an economical extraction by in situ recovery (ISR) min-
ing. Such technologymay induce changes in the subsurfacemicrobiota, raising questions about theway their activities
could build a functional ecosystem in such extreme environments (i.e.: oligotrophy and high SO4 concentration and
salinity). Additionally, more information is needed to dissipate the doubts about the microbial role in the genesis of
such U orebodies. A U roll-front deposit hosted in an aquifer driven system (in Zoovch Ovoo, Mongolia), intended
for mining by acid ISR, was previously explored and showed to be governed by a complex bacterial diversity, linked
to the redox zonation and the geochemical conditions. Here for the first time, transcriptional activities of microorgan-
isms living in suchU ore deposits are determined and theirmetabolic capabilities allocated in the three redox-inherited
compartments, naturally defined by the roll-front system. Several genes encoding for crucialmetabolic pathways dem-
onstrated a strong biological role controlling the subsurface cycling ofmany elements including nitrate, sulfate, metals
and radionuclides (e.g.: uranium), through oxidation-reduction reactions. Interestingly, the discovered transcriptional
behaviour gives important insights into the good microbial adaptation to the geochemical conditions and their active
contribution to the stabilization of the U ore deposits. Overall, evidences on the importance of these microbial meta-
bolic activities in the aquifer system are discussed that may clarify the doubts on the microbial role in the genesis of
low-temperature U roll-front deposits, along the Zoovch Ovoo mine.
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1. Introduction

Naturally occurring uranium (U) is one of the most important resources
for dealing with the today increasing interest in the nuclear energy indus-
try. Acid in situ recovery (ISR) has been extensively employed for U mining
from low grade ores assimilated to roll-fronts (Ruiz et al., 2019; Seredkin
et al., 2016; Zhao et al., 2018), providing more than a half of U production
worldwide (IAEA and NEA, 2018). Uranium roll-front-type deposits occur
as massive sub-tabular sandstone-hosted U minerals when oxidized fluids
charged with dissolved elements, including organic carbon, flow through
the system. The consequent mineralization results from the interaction
of such oxidized fluids with reducing agents creating a uranium ore local-
ized between oxidized and reduced sandstone (Akhtar et al., 2017;
Bhattacharyya et al., 2017; Jin et al., 2020; Min et al., 2005). In the roll-
front deposits, U(VI) reduction was usually attributed to abiotic reactions
involving redox active minerals (pyrite and mackinawite), sulfide and sul-
fur species, as well as reactions of Fe(II) and thiols, as reduced organic func-
tional groups, in low-temperature environments such as those of the
Zoovch Ovoo deposits (Burns and Finch, 2018; Cumberland et al., 2016;
Descostes et al., 2010; Granger and Warren, 1969; Grozeva et al., 2022; Li
et al., 2015; Reynolds and Goldhaber, 1983; Wersin et al., 1994). The role
of microbial activity in U ore genesis was, at first, thought to be limited to
the providing of sulfides as a reducing agent as observed in the framboidal
pyrites (Rallakis et al., 2021, 2019). However, later on, bacteria was proven
to play a key role in U deposit formation by the generation of biogenic non-
crystalline U(IV) as a major component of the U roll-front orebodies
(Bhattacharyya et al., 2017). Such observation would indicate that the bac-
terial communities are able to adapt to specific geochemical conditions in
environments related to U roll-front deposits.

ISR mining of such U ores is carried out through the injection of an acid
leach solution (mainly sulfuric acid) directly in the orebody and pumping to
the surface a pregnant solution for the further metal extraction at a process-
ing facility (Seredkin et al., 2016). Although, it largely limits the environ-
mental footprint resulting from other mining technologies (e.g.: waste-
rocks, mining tailing), this strategy present an effect on the natural aquifer
(bio)geochemistry through the variation of pH, potential increase in the
mobility of metals and radionuclides and changes in the microbial commu-
nity (Sapsford et al., 2017). All these conditions would generate in the
microbial populations inhabiting such environments, different stresses
related, among others, to pH, heavy metals, oxidation, and DNA damage.
Thus, such changes would promote the activity of those capable to resist
the low pH and those known mainly for their S, P, N, and C assimilation.
Therefore, characterizing the native microbial composition and functional-
ity before any ISR application is crucial to afford important information, not
only into the potential of U removal, but also concerning the active micro-
bial contribution to the optimization of the ISR process and the further
long-term groundwater remediation, including alternative remediation
solutions as bioremediation (Coral et al., 2022; Yabusaki, 2014).

A suitable bacterial community structure has been proposed as one of
the challenges for the long-term groundwater remediation and stabilization
of U ISR sites (Bhattacharyya et al., 2017; Coral et al., 2018; Jroundi et al.,
2020). While previous works, based on next generation sequencing (NGS),
provided valuable information about the significant association between
the bacterial communities and the environmental parameters in uranium
contaminated aquifers (Ayangbenro et al., 2018; He et al., 2018; Hemme
et al., 2010; Jroundi et al., 2020; Macur et al., 2001; Mtimunye and
Chirwa, 2019), some important concerns remain to be clarified. We previ-
ously reported a description of the bacterial communities in pristine ground-
water surrounding a U roll-front deposit at Zoovch Ovoo (Mongolia),
planned to be mined by ISR acid injection (Jroundi et al., 2020). At this
site, the U deposit (themineralized compartment) is confined inside an aqui-
fer driven system, mineralized under low temperatures (<40 °C) (Rallakis
et al., 2021). The whole system occurs within a redox barrier comprising
an oxidizing part on the up-gradient side of the orebody (the oxidized com-
partment), and a reducing part enriched in sulfides and organic matter on
the down-gradient side (the reduced compartment). The previous study
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showed the presence of specific bacterial populations nitrate-reducing,
sulfate-reducing, iron-reducing, iron-oxidizing, and U(VI)-reducing bacteria
strongly correlated with sulfate, nitrate, iron, and metals, suggesting either
the preference of environmental conditions specific to this site or comple-
mentary functions. Nevertheless, DNA based analysis provide no insights
on the active microbial community, highlighting only the potential physio-
logical characteristics that are dominant under the specified environmental
conditions. Still little is known about whether the bacterial communities are
effectivelymetabolically active in such conditions or whether their activities
are related to the distinct redox-inherited aquifer compartments observed in
the U roll-front deposits. Generally, bacteria can exist in environments
where they are not metabolically active making it difficult to relate their
mere presence to the geochemical functionality of the roll front. RNA
based metatranscriptomics provide insights into the bacterial metabolic
versatility and functioning in each aquifer compartment by defining their
involvement in creating an ecologically functional ecosystem. Besides, it
helps to clarify the role of microorganisms in the genesis of U roll front
deposits under low temperatures.

While a large number of complex environmental metatranscriptomes
have been reported over the last decades, most of them have mainly
focused on soil, freshwater, and marine systems, but lesser on aquifer envi-
ronments and none on U roll-front systems (Gura and Rogers, 2020; Jewell
et al., 2016; Sharma et al., 2019; Vavourakis et al., 2019). To the best of our
knowledge, here for the first time, the whole metatranscriptome of an aqui-
fer with three defined redox compartments, localized at >100 m depth and
bearing a U roll-front deposit, is explored to highlight the microbial meta-
bolic activity and functionality in such systems. This detailed analysis
would help to resolve important ongoing doubts about the microbial stabil-
ity and adaptation to contaminants and elucidate significant functions, bio-
geochemical pathways and important processes involved in the genesis of
the sandstone-hosted roll-front U deposits (Bhattacharyya et al., 2017;
Bonnetti et al., 2017; Min et al., 2005).

The objective of this study was to give a transcriptional proof of the
metabolic pathways and the important activities involved in the biogeo-
chemical processes in an aquifer bearing a U roll-front deposit (Zoovch
Ovoo, Mongolia). Determination of the different functional genes (based
on RNA-Seq), as well as the composition and structure of the active micro-
organisms (not exclusively based on phylumbut also on genus characteriza-
tion to better assess activities of the relevant bacteria) were performed. The
present work addressed the first metatranscriptomic analysis in this type of
environments, highlighting how the groundwater microbial communities
are involved in and adapted to harsh environmental changes, including
those related to U ISR environments (Coral et al., 2018). In addition, we
provide some key information related to 1) the microbial role and the
biogeochemical mechanisms involved in the genesis of the sedimentary U
ore deposit at low temperatures and 2) the relevance and capacity of the
naturally occurring active microorganisms in the neutralization of the ISR
acids. All these clues would constitute a baseline for an effective and accu-
rate remediation strategy at the ISR sites.

2. Material and methods

2.1. Site description and sampling

The studied site is located at the Gobi Desert of Mongolia at Zoovch
Ovoo in Sainshand region. This region of Mongolia is known, since 2015,
by recoverable uranium resources intended to be mined by acidic ISR tech-
nique. The Zoovch Ovoo deposits are mineralized roll-front consisting of
massive sub-tabular sandstone deposits hosting >55,000 tons of U (IAEA
and NEA, 2018). Groundwater samples were sourced from ~100 to
200 m depth as described in Jroundi et al. (2020) (Fig. S1). One and a
half liters of water from each sample were aseptically vacuum filtered,
using sterilized, polycarbonate, hydrophilic Isopore™ membrane filters
(Millipore), first through 0.45 μm and then 0.22 μm pore size filters.
Three replicates of each water sample were performed. The obtained filters
were then fixed with phenol (5 % v/v prepared in ethanol) and rapidly
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stored at−80 °C until their use (Fig. S2). Relevant water chemistry features
are published elsewhere (Jroundi et al., 2020).

2.2. RNA extraction, amplification and cDNA synthesis

Total RNAwas extracted from thefilters (joining both pore-sizedfilters)
of each replicate using RNeasy® PowerWater kit (QIAGEN GmbH,
Germany) following the manufacturer's instructions summarized in the
Supplementary material (SM) S1. The residual genomic DNA was removed
using TURBO DNA-free kit (Ambion) and the RNA purified using RNeasy
MinElute Cleanup kit (Qiagen). The RNA concentrations were determined
using Qubit Fluorometer (Jiang et al., 2015) and stored at−80 °C. Purified
RNA sampleswere converted to cDNAusing theOvation®RNA-Seq System
V2 (NuGEN, US) following the manufacturer's instructions summarized in
the SM S1. The cDNA was purified using Agencourt AMPure XP beads
(Beckman Coulter Genomics, Danvers, MA, USA) followed immediately
by the SPIA Amplification (isothermal strand displacement amplification)
while cDNA still bound to the dry beads. The amplified SPIA cDNAwas pu-
rified using QIAGEN MinElute Reaction Cleanup Kit (QIAGEN GmbH,
Germany). Finally, the cDNA concentrations were determined using Qubit
Fluorometer (Jiang et al., 2015) and stored at −20 °C.

The determination of functional geneswas carried out at LGC Genomics
(Berlin, Germany), by amplicon sequencing on the Illumina NextSeq
500 V2 platform.

2.3. Bioinformatics and statistical analyses

The obtained reads were pre-processed by removing barcodes and
Illumina adapters, demultiplexing of all libraries for each sequencing lane
using the Illumina bcl2fastq 1.8.4 software. Read-ends were clipped of
sequencing adapter remnants (of low base quality) from all raw reads, so
that reads with a final length < 20 bases were discarded. Quality trimming
of adapter-clipped reads was performed by running Trimmomatic (Bolger
et al., 2014) to obtain a minimum average (Phred quality score of 10)
over a window of ten bases. All reads with final length < 20 bases
were discarded. rRNA sequences were filtered using RiboPicker 0.4.3
(Schmieder et al., 2012) and digitally normalized groups were obtained.
Gene expression estimation was carried out with RSEM 1.2.14 (Li and
Dewey, 2011), using Trinity (version 2.3.2; Grabherr et al., 2011) for the
assembly of the RNA-seq data, where all scaffolds larger than 200 bp
were kept. Functional annotations of the genes were performed using
InterProScan (version 5.19-58.0) and Gene Ontology (GO). Clustering of
the annotated transcripts was carried out using Explicet software, as well
as CateGOrizer (Hu et al., 2008) and REVIGO (Supek et al., 2011). Rarefac-
tion curves and Heatmap of the obtained transcripts were carried out using
the VEGAN v2.4-6 package in R v. 3.4.3., and the heatmap.2 function in the
R gplots v2.11.0 package, respectively. In addition, transcripts obtained in
all water sample (including three replicates of each) were analyzed based
on the Simpson Similarity Index using PAST3 (v.3.18) software and the out-
put was visualized with the Principal Coordinate Analysis (PCoA).
Table 1
Chemistry of the water samples collected from the Zoovch Ovoo mine in Mongolia. Oxi
DOC are presented in mg/L, 226Ra in mBq/L, and the other elements are expressed in
Ox: oxidized waters, Min: mineralized water, Red: reduced waters

Samples pH ORP O2 NH4 NO3
− SO4 DOC As

PZOV_0013 (Ox) 7.67 379.1 6.73 0.03 7.49 721 2.22 6.2
PZOV_0001 (Ox) 7.76 354.6 3.81 0.05 14.87 580 2.81 5.0
MOZO_0007 (Min) 7.71 172.3 0.01 0.02 1.10 682 3.67 5.0
MOZO_0009 (Min) 7.69 166.2 0.01 0.04 5.37 620 3.36 5.0
PTZO_0001 (Min) 7.6 69.9 0.01 0.03 1.02 576 2.40 6.4
PZOV_0024 (Red) 8.15 −9.4 0.01 0.60 1.02 1235 3.53 14.0
PZOV_0021 (Red) 8.16 3.8 0.01 0.49 1.02 823 2.73 5.0
PZOV_0022 (Red) 8.17 −14.0 0.01 0.54 1.02 894 3.04 12.0
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2.4. Taxonomic characterization of active microorganisms

Phylogenetic identification of SSU rRNA scaffolds was carried out with
Galaxy tools (usegalaxy.org). Obtained reads (Forward and Reverse) of
each replicate/samplewere atfirst assembled using pRESTOAssemblePairs
toolkit (Vander Heiden et al., 2014). The assembled raw reads were anno-
tated using kraken to assign taxonomic labels for active microbial diversity
(Wood and Salzberg, 2014). Reconstructed SSU sequences abundances
were calculated by SSU reads mapping back on SSU sequences with
kraken-translate, which convert taxonomy IDs to names, and then with
kraken-mpa-report tool a classification report for multiple samples was
obtained (Lu and Salzberg, 2020).

Taxonomic assignments of mRNA transcripts were performed with the
Contig Annotation tool (CAT) (Cambuy et al., 2016) using a local CAT
database on July 2019, including gene calling, mapping of predicted open
reading frames (ORFs) against the protein sequences from prokaryotes
andmicrobial eukaryotes (nr protein database), and classification of the en-
tire contig based on the individual ORFs available at the Galaxy webpage.
Then, the counts were aggregated according to the assigned GO annotation
and the enrichment analysis carried out at ShinyGO webpage (Ge et al.,
2020) to underly molecular pathways and functional categories such
as gene ontology (GO) and KEGG (Kyoto Encyclopedia of Genes and
Genomes) databases.

2.5. Availability of data and material

The data of the Metatranscriptomes sequencing are accessible in the
NCBI BioProject under the ID number PRJNA698761.

3. Results

3.1. Hydrochemistry and U roll-front structure

The different water samples sequenced here were geochemically char-
acterized in a previous study (Jroundi et al., 2020) and showed to have a
natural redox zonation related to the U roll-front deposit (Table 1). The
samples PZOV_0001 and PZOV_0013, being the oxidized waters, were the
only oxygenated samples (6.73 and 3.81 mg/L), with oxidation-reduction
potential (ORP) values reaching 379.1 mV/SHE, and the highest NO3

−

values ranging from 7.49 to 14.87 mg/L. Samples MOZO_0007,
MOZO_0009, and PTZO_0001 were the anoxic mineralized samples con-
taining the U ore body with ORP values varying between +69.9 and
+172.3 mV/SHE, and NO3

− values ranging from 1.02 to 5.37 mg/L. Fi-
nally, the samples PZOV_0021, PZOV_0022, and PZOV_0024 were the an-
oxic reduced waters with ORP values of −9.4, 3.8 and −14 mV/SHE,
respectively, and very low NO3

− values (1.02 mg/L). In general, the water
chemistry followed a redox dependent zonation through the roll-front sys-
tem, where As, Mo and NH4

+ showed higher concentrations in the reduced
water samples, while Se, Fe, and Mn were present with higher concentra-
tions in the ore area, along with U, Ba, and 226Ra (Jroundi et al., 2020).
In addition, in the studied water samples, U speciation is thought to be U
dation-reduction potential (ORP) is expressed in mV/SHE. O2, NH4, NO3
−, SO4 and

μg/L.

Mn Mo Se Li Si Sr Fe U 226Ra Ba

5 8.4 37 143 4600 2250 5 50 81 6.4
5 7.7 56 108 4840 2090 5 25 54 6.3

117 17.0 118 154 5510 1240 15 1010 1731 16.0
93 17.0 101 129 5740 1260 18 948 1834 14.0

120 11.0 10 126 5480 875 142 644 3999 7.3
218 53.0 10 177 4230 412 13 18 65 8.9
36 25.0 10 136 4430 200 14 38 193 9.0
57 45.0 10 143 4250 194 26 2.3 102 8.4

http://usegalaxy.org


Fig. 1.Metatranscriptome data obtained from the activemicrobial communities of the oxidized, mineralized and reduced water samples. (A) mRNA reads distribution of the
domains of life expressed in the different water samples. (B) Total prokaryotic community at phylum level based on the active mRNA transcripts.
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(VI) as U(IV) is very insoluble (Reiller and Descostes, 2020). This assump-
tion is in agreementwith thewater composition and the ORP and pHvalues
of all samples explored in this study and showed in Table 1. Typical exam-
ples including groundwaters in such geochemical conditions are reported
also in Reiller and Descostes (2020).

3.2. Active community members and functional gene diversity

Phylogenetic placement of de novo assembled mRNA transcripts from
the water data collections showed that the three domains of life Bacteria,
Archaea, and Eukaryotawere obtained in the eight water samples collected
from the three redox compartments (oxidized, mineralized, and reduced).
However, Bacteria showed a clear dominance over Archaea and Eukaryota
(Fig. 1).
Fig. 2. PCoA of all studied water samples based on Simpson Similarity Index. PZOV_
MOZO_0009 and PTZO_0001: Mineralized water samples (roll-front ore compartment
compartment).

4

Rarefaction curves of all samples' transcripts reached a plateau (Fig. S3),
meaning that the sequencing was deep enough to detect major transcripts
in the libraries. PCoA analysis revealed significant clustering of transcripts
by water sample type (Fig. 2), where the oxidized oxic samples
(PZOV_0013 and PZOV_0001) seem to be dominated by a different func-
tional gene expression and/or richness compared to the other anoxic (min-
eralized and reduced) water samples. This same clustering has been also
observed when the bacterial diversity of these water samples was previ-
ously studied in Jroundi et al. (2020).

The results are therefore presented here according to the redox zona-
tion. Fig. 3 shows both phyla and genera annotated with the GO database,
allowing the deciphering of the transcriptional activity in the different
water samples (oxidized, mineralized and reduced water compartments).
Only representatives of the dominant genera are presented here.
0013 and PZOV_0001: oxidized samples (upstream compartment); MOZO_0007,
); PZOV_0024, PZOV_0021, and PZOV_0022: reduced water samples (downstream

Image of Fig. 1
Image of Fig. 2


Fig. 3. Distribution of mRNA transcripts percentages of the taxonomical groups at phylum/class and genus level in the oxidized, mineralized and reduced water samples.
(A) At phylum/class level classification. (B) At genus level classification.
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3.2.1. Oxidized waters
Transcriptional activity in the oxidized water samples (PZOV_0001

and PZOV_0013) was assigned to classified Bacteria dominated by
Alphaproteobacteria [199,399 and 431,318 TPM (transcript per million)]
mainly aligned with Novosphingobium and unclassified-Sphingomonadaceae,
followed by Betaproteobacteria (177,136 and 49,655 TPM) related to
Polaromonas and unclassified-Comamonadaceae and -Burkholderiales,
Gammaproteobacteria (182,030 and 63,917 TPM) related tomany Pseudomo-
nas species (P. stutzeri, P. fulva, P. mendocina, P. aeruginosa, P. fluorescens) and
unclassified-Pseudomonadales, and unclassified-Proteobacteria (193,025 and
60,684 TPM). Other mRNA transcripts were associated to Bacteroidetes
(172,140 and 361,971 TPM) mainly aligned with Fluviicola and Emticicia.
In addition, many transcripts were related to unclassified members of
5

Actinobacteria (66,925 and 28,293 TPM), along with Verrucomicrobia
(4302 and 1395 TPM), Deltaproteobacteria (1468 and 85 TPM),
Cyanobacteria (1332 and 1162 TPM), Firmicutes (785 and 275 TPM), and
Planctomycetes (455 and 380 TPM). To a lesser degree, other rare phyla
were represented by Deinococcus-Thermus (91 and 317 TPM), Choloroflexi
(91 and 63 TPM), Ignavibacteriae (46 and 0 TPM), Oligoflexia (46 and
232 TPM), and Nitrospirae (34 and 0 TPM). The Archaea lineages were rep-
resented by unclassified-Archaea (994,023, and 988,506 TPM), followed
by Euryarchaeota (3396 and 0 TPM) and Thaumarchaeota (2581 and
11,494 TPM).

The composition of these transcriptionally active genera detected in the
oxidized water samples was highly similar to that of the bacterial commu-
nity obtained previously using the 16S rRNA genes sequencing analysis

Image of Fig. 3
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(Jroundi et al., 2020). Some of the dominant genera, such as Pseudomonas,
Fluviicola, Burkholderia, and Novosphingobium, showed a higher transcrip-
tional activity (in mRNA) in comparison to the representatives detected
in the previous 16S rRNA genes analysis, while Polaromonas and
Flavobacterium showed a lower transcriptional activity than abundance
(Supplementary data S1), with a relative abundance of 9.2 and 31.8 %
(for Polaromonas) and of 2.4 and 4.2 % (for Flavobacterium) in
PZOV_0001 and PZOV_0013, respectively.

3.2.2. Mineralized waters
In the mineralized water samples (MOZO_0007, MOZO_0009,

and PTZO_0001) (Fig. 3), Bacteria lineages were dominated by
Alphaproteobacteria (454,448, 381,467, and 476,469 TPM) aligned
with Novosphingobium, unclassified-Sphingomonadaceae, Erythrobacter,
Sphingobium and Sphingomonas, followed by Gammaproteobacteria
(346,889, 411,501 and 283,113 TPM) mainly related to many Pseudomonas
species, Paraperlucidibaca, unclassified-Moraxellaceae andNevskia, as well as
Betaproteobacteria (59,504, 53,294, and 72,782 TPM) mainly aligned with
Limnobacter and unclassified-Methylophilaceae and -Nitrosomonadales, as
well as unclassified-Deltaproteobacteria (1129, 4546, and 1521 TPM), and
unclassified members of Proteobacteria (66,624, 88,351, and 10,389 TPM).
Bacteroidetes (62,992, 32,185 and 18,192 TPM) were also represented
mainly by unclassified members and some aligned with unclassified mem-
bers of Flavobacteriaceae, Gemmatimonadetes (2750, 11,488, and 46 TPM),
along with Firmicutes (1744, 283, and 395 TPM), Armatimonadetes (1703,
5850, and 152 TPM), Actinobacteria (862, 3258, and 183 TPM), and
some less-represented phyla. The Archaea lineages were represented
by unclassified-Archaea (1,000,000, 903,846, and 90,909 TPM) and
Euryarchaeota (0, 96,154, and 909,091 TPM) (Fig. 3).

Like for the oxidized water samples, the composition of the microbial
population detected transcriptionally (this study) and by the previous 16S
rRNA genes sequencing (Jroundi et al., 2020) was similar (Supplementary
data S1), although the genera Pseudomonas, Methylotenera, Limnobacter,
among others, showed an increase in their transcriptional activity in com-
parison to their relative abundance. Surprisingly, some genera were greatly
under-detected using the 16S rRNA sequencing (Jroundi et al., 2020). For
example, no Novosphingobium representatives were detected in the samples
MOZO_0007 andMOZO_0009 by the previous 16S rRNA genes sequencing,
while in this study it was one of the most transcriptionally abundant
genus in the three mineralized samples (MOZO_0007, MOZO_0009, and
PTZO_0001) with a relative abundance of 5.7, 7.4, and 7.7 %, respectively.

3.2.3. Reduced waters
More diverse Bacteria lineages were assigned to the mRNA transcripts

obtained from the reduced water samples (PZOV_0021, PZOV_0022, and
PZOV_0024) (Fig. 3). These included as dominant the phylum Bacteroidetes
(437,230, 578,666, and 228,260 TPM)mainly alignedwith Flavobacterium,
Lutibacter, Algoriphagus and unclassified members of Cytophagales and
Cyclobacteriaceae. Members of Alphaproteobacteria (168,069, 144,311, and
213,651 TPM) were represented by Novosphingobium, Sphingomonadaceae,
and Tabrizicola, while Betaproteobacteria (181,969, 56,196, and 94,504
TPM) aligned with Burkholderiales, Nitrosomonadales, Methylotenera, and
Hydrogenophaga. Gammaproteobacteria (89,291, 134,619, and 142,429
TPM) were related mainly to many Pseudomonas species. Also detected in
these samples were unclassified-Proteobacteria (85,058, 69,383, and
52,371 TPM), Chloroflexi (13,273, 47, and 1228 TPM) aligned with unclas-
sified members and Anaerolineaceae, Ignavibacteriae (10,582, 196, and
585 TPM), Verrucomicrobia (6062, 7187, and 5060 TPM) mainly related
to Opitutaceae, Tenericutes (3101, 997, and 248,837 TPM), Firmicutes (749,
1948, and 4665 TPM), Actinobacteria (749, 511, 3978 TPM), along with
Deltaproteobacteria (409, 1225, and 1345 TPM), Planctomycetes (409,
2718, and 102 TPM), and Cyanobacteria (192, 503, and 307 TPM). Rare
phyla were also present in these waters including Chlamydiae (139, 16,
and 234 TPM), Chlorobi (122, 314, and 15 TPM), Calditrichaeota (44, 16,
and 146 TPM), Acidobacteria (35, 55, and 497 TPM), Zetaproteobacteria
(35, 157, and 29 TPM), Elusimicrobia (26, 0, and 175 TPM), Nitrospinae
6

(26, 24, and 0 TPM), and Nitrospirae (17, 346, and 132 TPM). The
Archaea lineages were represented by unclassified-Archaea (993,846,
995,562, and 993,051 TPM), Euryarchaeota (6154, 3994, and 5272 TPM),
Thaumarchaeota (0, 178, and 0 TPM), Candidatus Thorarchaeota (0, 0, and
1677 TPM), and Candidatus Lokiarchaeota (0, 266, and 0 TPM) (Fig. 3).

The top ten most transcriptionally active genera in these water samples
were also detected in the previous 16S rRNA sequencing analysis as
abundant genera, and in general the overall composition of the microbial
population was very similar, with some exceptions (Supplementary data
S1). For example, very low or no representatives of Novosphingobium and
Burkholderiawere detected by the 16S rRNA amplification, while their tran-
scriptional activity in these reduced water samples was considerably high.
The opposite occurs with Hydrogenophaga and Rhodobacter, which showed
a high relative abundance (Jroundi et al., 2020), but a reduced transcrip-
tional activity.

3.3. Metabolic processes in the aquifers surrounding the uranium roll-front deposits

Based onmRNA gene ontologies, the studiedwatermicrobial communi-
ties were enriched by transcripts encoding for several different functional
categories (Fig. 4). These consisted of many pathways implicated in the
Metabolism, Cellular Processing, Organismal Systems, Genetic Information
processing, and Environmental Information Processing. Within the Global
and overview maps of the Metabolism, the water microbial communities
were particularly active in pathways such as “Metabolic pathways”,
“Carbon metabolism”, “Biosynthesis of amino acids”, “Biosynthesis of
secondary metabolites”, “Microbial metabolism in diverse environments”,
and “Fatty acid metabolism”. Results are also here presented according to
the redox zonation. Themicrobial activity is expressed by a diverse commu-
nity, which increase from the oxidized to the reduced compartments.

3.3.1. Microbial activity in the oxidized waters
A total of 63 and 60 functional categories were identified in the oxidized

water samples (PZOV_0001 and PZOV_0013) (Figs. 5 and S4). These were
dominated by transcripts encoding for many pathways in the Metabolism,
where in addition to the global overview metabolism mentioned above,
they were involved in all functional classes and, all of which, except for
the Tricarboxylic Acid cycle (TCA), were upregulated in PZOV_0001 water
sample. The metabolic pathways involved within the TCA cycle with 22
and 26 GO-terms were attributed to the Alphaproteobacteria and unknown-
organisms in PZOV_0013 and to the Betaproteobacteria, Bacteroidetes, and
unclassified-Proteobacteria in PZOV_0001. The “Energy metabolism”
included Oxidative phosphorylation that was attributed to Proteobacteria
(Beta and Gamma), Bacteroidetes, Actinobacteria, unclassified-Bacteria,
Eukaryota (mainly Ascomycota) and unknown-organisms in PZOV_0013,
and in PZOV_0001 to all of them in addition to Archaea, and Bacillariophyta
form the Eukaryota. Pathways involved in the Sulfur metabolism were
identified with 33 and 23 GO-terms in these oxidized water samples, and
the transcripts were attributed to Proteobacteria (Alpha, and unclassified),
Bacteroidetes, unclassified-Bacteria in both samples, additionally to
Bacillariophyta, and unknown-organisms in PZOV_0001 and Actinobacteria
in PZOV_0013. Nitrogen metabolism was expressed by 10 and 11 GO-
terms attributed mainly to Gammaproteobacteria, Actinobacteria and
unclassified-Eukaryota in PZOV_0001 and to Proteobacteria (Beta, and unclas-
sified),Actinobacteria and unclassified-Eukaryota in PZOV_0013. Both purine
and pyrimidinemetabolisms from the “Nucleotidemetabolism”were partic-
ularly enriched in thesewater samples.mRNA transcripts were identified for
Genetic Information Processing, including actual translation (the pathways
Aminoacyl-tRNA biosynthesis assigned to all active Prokaryotes classified
here with the exception of Actinobacteria, beside Eukaryota and unknown-
organisms), RNA degradation, Replication and repair (mainly by the Homol-
ogous recombination).

3.3.2. Microbial activity in the mineralized waters
In the mineralized samples (MOZO_0007, MOZO_0009, and

PTZO_0001), the bacterial metabolic activity was functionally classified in



Fig. 4. Percent relative abundance distribution of transcripts assigned to dominant KEGG pathways and the enriched GO terms distribution on themajor levels in the studied
water samples. A) First level KEGG pathways. B) Second level KEGG pathways.
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59, 64, and 62 functional categories, respectively (Figs. 6 and S5). Compar-
isons of the globalmaps in theMetabolism of thesewater samples indicated
a more active PTZO_0001 microbial community in Metabolic pathways,
Carbon metabolism, Biosynthesis of secondary metabolites, Microbial
metabolism in diverse environments, Biosynthesis of amino acids and 2-
Oxocarboxylic acid metabolism.

Here, the metabolic pathways involved in the TCA cycle (with 17, 7, and
14 GO-terms, respectively) were attributed to the Gammaproteobacteria,
unclassified-Bacteria, unclassified-Eukaryota and unknown-organisms in
MOZO_0007, to the unclassified-Bacteria in MOZO_0009, and to the
Betaproteobacteria, unclassified-Eukaryota, and unknown-organisms in
PTZO_0001. The “Energy metabolism” included Oxidative phosphorylation
which was attributed to Proteobacteria (Beta, and unclassified), Bacteroidetes,
unclassified-Bacteria, unclassified-Eukaryota and unknown-organisms in
MOZO_0007 (45 GO-terms) and in PTZO_0001 (except for the unclassified-
Bacteria, 33 GO-terms), and to the Proteobacteria (Beta, and unclassified),
Bacteroidetes, Actinobacteria, Armatimonadetes, Gemmatimonadetes,
unclassified-Bacteria, Eukaryota (Ascomycota) and unknown-organisms in
MOZO_0009 (54 GO-terms). Pathways for the “Carbon fixation in photosyn-
thetic organisms”were identifiedwith 22, 17, and 29GO-terms, respectively,
and assigned to the Alphaproteobacteria, and unclassified-Bacteria, in addition
to unknown-organisms in MOZO_0007 and also to Gammaproteobacteria
in PTZO_0001. This reference pathway also includes “Carbon fixation by
7

prokaryotes”, using the “Reductive citrate cycle (rTCA)”, “Wood-Ljungdahl
pathway”, and “Phosphate acetyltransferase-acetate kinase pathway”,
among some others, for the autotrophic carbon fixation. It is well known
that in aphotic environments, carbon fixation could be mediated by rTCA
cycle in a process called “dark primary reduction”. This pathway plays a
major role in the primary production in oceanic and subsurface environments
(Overholt et al., 2022). The use of the reductive TCA cyclewas also confirmed
in a variety of strict anaerobic or microaerobic bacteria and anaerobic
archaea (Hügler et al., 2005, 2007).

Here, pathways involved in the Sulfur metabolism were identified with
19, 22, and 35 GO-terms, and the transcripts were attributed to Proteobacteria
(Alpha, and Gamma), Bacteroidetes, and unclassified-Bacteria in MOZO_0007,
to Proteobacteria (Alpha, Beta, and Gamma), Ascomycota and unknown-
organisms in MOZO_0009, and to Proteobacteria (Alpha, Gamma, and
unclassified), Bacteroidetes, Ascomycota, unclassified-Bacteria, and unknown-
organisms in PTZO_0001. Nitrogen metabolism was expressed by 16, 12
and 15 GO-terms attributed mainly to Bacteroidetes and unclassified-Bacteria,
in addition toGammaproteobacteria and unknown-organisms inMOZO_0007,
to Gammaproteobacteria in MOZO_0009, and to unclassified-Proteobacteria
and unknown-organisms in PTZO_0001. Both purine and pyrimidine metab-
olisms from the “Nucleotide metabolism” were expressed in these water
samples and particularly enriched in the PTZO_0001 water sample. mRNA
transcripts were identified for Genetic Information Processing, including

Image of Fig. 4


Fig. 5.Gene expression profile in the oxidizedwater samples. Transcripts annotatedwith Gene Ontology (GO) “Biological Process” terms and enriched to KEGG database are
shown. GO processes assigned to a phylum (or other taxonomical classification) of <1 % of the total were integrated as Bacteria, Archaea, or Eukarya.
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transcription (the pathway RNA polymerase attributed to Actinobacteria
in MOZO_0009), actual translation [the pathways Aminoacyl-tRNA
biosynthesis (70, 82, and 91 GO-terms) assigned in all three samples to all
active Prokaryotes classified here with the exception of Actinobacteria in
MOZO_0009, beside Eukaryota and unknown-organisms], Ribosome biogen-
esis [in eukaryotes (assigned to Ascomycota), in Actinobacteria, and in
Chloroflexi], and mRNA surveillance pathway (Ascomycota and unclassified-
Eukaryota). Pathways for RNA degradation (24, 18, and 14 GO-terms)
attributed to unclassified-Bacteria, -Eukaryota, unknown-organisms and
Gammaproteobacteria, Betaproteobacteria or Chloroflexi were detected in all
mineralized water samples. In addition, some transcripts encoding pathways
for Protein export, Ubiquitinmediated proteolysis, and Proteasomewere also
slightly expressed here. Replication and repair were mainly represented by
pathways for DNA replication, Nucleotide excision repair and Homologous
recombination.

3.3.3. Microbial activity in the reduced water
A high proportion of mRNA transcripts were identified in the communi-

ties of the reduced samples (PZOV_0024, PZOV_0021, and PZOV_0022),
which were classified in 64, 64, and 67 functional categories, respectively
8

(Figs. 7 and S6). As with the previous samples, the microbial communities
of these reduced samples were characterized by a more active metabolic
global maps in PZOV_0021 including many transcripts encoding for Meta-
bolic pathways, Carbon metabolism, Microbial metabolism in diverse envi-
ronments, 2-Oxocarboxylic acid metabolism, Biosynthesis of secondary
metabolites, and Biosynthesis of amino acids, with the exception of Fatty
acid metabolism, which was more enriched in PZOV_0024 than in the
others.

The metabolic pathways involved in the TCA cycle were expressed
in these reduced waters more than in all the others studied here, with
30, 40, and 23 GO-terms enriched in PZOV_0024, PZOV_0021, and
PZOV_0022, respectively. These pathways for the TCA cycle were attrib-
uted to Proteobacteria (Alpha, and Beta), unclassified-Bacteria, unclassified-
Eukaryota and unknown-organisms in PZOV_0024, all of these beside
Bacteroidetes and Archaea in PZOV_0021, and to Proteobacteria (Beta, and
unclassified), Archaea, unclassified-Eukaryota, and unknown-organisms in
PZOV_0022. The “Energymetabolism” includedOxidative phosphorylation
(48, 86, and 65 GO-terms), which was attributed to Proteobacteria (Beta,
and unclassified), Verrumicrobia, unclassified-Bacteria, Archaea, and unclas-
sified-Eukaryota in PZOV_0024, to Proteobacteria (Beta, Gamma, and

Image of Fig. 5


Fig. 6.Gene expression profile in themineralized water samples. Transcripts annotated with Gene Ontology (GO) “Biological Process” terms and enriched to KEGG database
are shown. GO processes assigned to a phylum (or other taxonomical classification) of <1 % of the total were integrated as Bacteria, Archaea, or Eukarya.
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unclassified), Verrumicrobia, Chloroflexi, unclassified-Bacteria, Archaea,
Eukaryota (Ascomycota, and unclassified), and unknown-organisms in
PZOV_0021, and to the same Proteobacteria, Bacteroidetes, Verrumicrobia,
Archaea, unclassified-Eukaryota, and unknown-organisms in PZOV_0022.
Pathways for the “Carbon fixation in photosynthetic organisms” (including
“Carbon fixation by prokaryotes”) were identified with 39, 47, and 29 GO-
9

terms, respectively, and assigned to Proteobacteria (Alpha, Beta, and
Gamma), unclassified-Bacteria, Archaea, and unknown-organisms in
PZOV_0024, to Proteobacteria (Alpha, Beta, Gamma, and unclassified),
unclassified-Bacteria, and unknown-organisms in PZOV_0021, and to
Proteobacteria (Alpha, and Gamma), unclassified-Bacteria, and unknown-
organisms in PZOV_0022. Here, pathways involved the Sulfur metabolism

Image of Fig. 6


Fig. 7.Gene expression profile in the reduced water samples. Transcripts annotated with Gene Ontology (GO) “Biological Process” terms and enriched to KEGG database are
shown. GO processes assigned to a phylum (or other taxonomical classification) of <1 % of the total were integrated as Bacteria, Archaea, or Eukarya.
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were identified with 19, 36, and 23 GO-terms in these reduced water sam-
ples, and the transcripts were attributed to Proteobacteria (Alpha, and Beta),
unclassified-Bacteria, and unknown-organisms in PZOV_0024 and
PZOV_0022, and to Proteobacteria (Alpha, Gamma, and Beta), Bacteroidetes,
unclassified-Bacteria, and unknown-organisms in PZOV_0021. Nitrogen
metabolism was expressed by 13, 7 and 21 GO-terms attributed mainly to
10
Proteobacteria (Beta, Gamma, and unclassified), and unclassified-Eukaryota
in PZOV_0024, to Gammaproteobacteria, Chloroflexi, and unclassified-
Eukaryota in PZOV_0021, and to Gammaproteobacteria in MOZO_0009,
and to Proteobacteria (Beta, Gamma, and unclassified), unclassified-Bacteria
and -Eukaryota in PZOV_0022. Both purine and pyrimidine metabolisms
from the “Nucleotide metabolism” were expressed in these reduced water

Image of Fig. 7
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samples and particularly enriched in the PZOV_0021 water sample. mRNA
transcripts were identified for Genetic Information Processing, including
transcription with the pathway RNA polymerase attributed to Tenericutes,
and Verrumicrobia in PZOV_0024, to Verrumicrobia and Ascomycota in
PZOV_0021, and to Bacteroidetes, Verrumicrobia and Ascomycota in
PZOV_0022, and Basal transcription factors only in PZOV_0021 expressed
by Ascomycota; active translation was represented by the pathways for
Aminoacyl-tRNA biosynthesis (93, 112, and 87 GO-terms) assigned in all
three samples to all active Prokaryotes classified here with the exception
of Verrumicrobia, beside Archaea, Eukaryota and unknown-organisms. Ribo-
some biogenesis in Eukaryotes was only found in PZOV_0022 and assigned
to Ascomycota. Pathways for RNA degradation (33, 25, and 21 GO-terms)
attributed to Proteobacteria (Gamma, and unclassified), Tenericutes,
Verrumicrobia, Bacteroidetes and unclassified-Bacteria in PZOV_0024,
to Proteobacteria (Beta, Gamma, and unclassified), Tenericutes, and
Verrumicrobia in PZOV_0021, and to unclassified-Proteobacteria,
Verrumicrobia, and Bacteroidetes in PZOV_0022. In addition, some tran-
scripts encoding pathways for Protein export (in PZOV_0024 by
unclassified-Proteobacteria and -Eukaryota), and Proteasome, which were
also slightly expressed in PZOV_0021 by unclassified-Eukaryota. Replica-
tion and repair was mainly represented by pathways for Homologous
recombination 13, 15, and 21 GO-terms attributed to Proteobacteria (Beta,
and Gamma), and Ascomycota in PZOV_0024, to Proteobacteria (Gamma,
and unclassified), Verrumicrobia, and Ascomycota in PZOV_0021, and to
Proteobacteria (Beta, and Gamma), Firmicutes, Ascomycota and unknown-
organisms in PZOV_0022, in addition to DNA replication (4 and 13 GO-
terms in PZOV_0021 attributed toAscomycota and in PZOV_0022 attributed
to Gammaproteobacteria, unclassified-Bacteria and Ascomycota), and Nucle-
otide excision repair [18 and 10 GO-terms in PZOV_0021 attributed to
Proteobacteria (Beta, and unclassified), Tenericutes, and Ascomycota, and in
PZOV_0022 attributed to Ascomycota, and unclassified-Eukaryota].

Other metabolisms expressed by the active community members based
on mRNA transcripts are detailed in the supplementary material S2.
Fig. 8. Percentage of transcripts relative abundance associated with the in situ microbia
relative abundance was log scaled.

11
3.4. Main genes expressed in the different redox compartments and classified in
relation to the stress resulting from the redox U roll front zonation

Fig. 8 showed a more detailed examination of the functional groups'
abundance, in which in addition to the presence of genes for N, S, P, and
C metabolisms, the expression of several genes involved in the resistance
to different stresses were observed as a result of the harsh environment of
the U roll front for the microbial community. These resistance genes were
probably forced by the presence in these waters of specific elements such
as heavy metals and radionuclides (U, Ra, Se, As, Mn, Mo, etc.) in the min-
eralized and the oxidized compartments. Soluble metals would precipitate
abiotic and biotically at the boundary between the oxidized and the miner-
alized zones, where they become insoluble due to the reducing conditions.
Besides, several genes for environmental stress such as genes for the oxida-
tive stress, DNA damage reparation, and low pH adaptation were expressed
with increasing levels from the oxidized to the reduced and themineralized
waters (Min > Red > Ox). Accumulation of such resistance genes seems to
occur as a basic survival strategy used by the microbial communities in
response to the harsh and oligotrophic conditions in the aquifers containing
the U roll-front deposit.

4. Discussion

From the metatranscriptomic analysis of the aquifers surrounding U
roll-front deposits, it is clear that microorganisms from all three domains
of life (Bacteria, Archaea, and Eukaryote) are active and adapted to their
environment (Fig. 9). Understanding the mechanisms by which they sur-
vive in such specific environments (low DOC, P, N, but high S and salinity)
will enable us to shed light on their physiology and the strategies they hold
to deal with U roll front deposit formation. In fact, such information would
be crucial for the clarification of the important role that the microbial
population could play in the genesis of U roll front type deposit under
low temperatures. Concurrently, our results would help in understanding
l functional metabolisms detected in the eight water samples. The bar showing the

Image of Fig. 8
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their reactivity when the newly established extreme geochemical condi-
tions related to ISR (i.e., acidification, solubilization of U and metals) are
present. In such conditions, different stresses induced bymetals, pH (oxida-
tion), and the high sulfur are likely to impact the bacterial populations,
mainly by enhancing the distribution of acidophilic microorganisms,
sulfur/sulfate- and metal-metabolizers. Therefore, this work also focused
on the analysis of key ecological and geochemical processes (N, S, C, and
P) as well as other important functional genes such as metal resistance
genes that transform the metal (oxidases, reductases, and transferases), ox-
idative stress genes, microbial defence genes, and low pH adaptation genes.

4.1. Relevant lifestyles involved by the resident bacteria in the U roll-front system

Bacteria are distributed and they are active in the different redox zona-
tion (Figs. 8 and 9), where each activity is expressed by different microor-
ganisms depending on this redox roll front zonation. In general, a shift in
the functional gene composition was observed and was more pronounced
in the mineralized and reduced compartments than in the oxidized (oxic)
one. This can be explained by the fact that contamination increased from
the oxidized to the reduced and the mineralized compartments (Jroundi
et al., 2020).

4.1.1. Metal resistance
Shifts in the relative abundance ofmetal resistance geneswere observed

in this study, increasing from the reduced to oxidized and mineralized
waters (Min > Ox > Red). This was in accordance with our previous obser-
vation that the concentration of heavy metals at the Zoovch Ovoo site was
higher in the mineralized compartment (rich in U, Mn, Fe, and Se), than in
the oxidized one (Jroundi et al., 2020). These groundwaters are therefore
unfit for human consumption with high levels of metalloids, exceeding
the permissible levels for drinking waters (Ariunbileg et al., 2016). In a
roll front system, dissolved heavy metals are occurring in equilibrium
with the surrounding minerals and the specific U ore. Soluble metals
would precipitate at the boundary between the oxidized and the reduced
zone, where they become insoluble due to the reducing conditions. An
explanation to this process could be that in the mineralized zone there is
a massive Sulfur precipitation and presence of metallic Sulfur, in contrast
to what occurs in the oxidized zone, where metals are soluble and
transported to the mineralized compartment.

Many crucial genes conferring resistance to metals/radionuclides were
observed in these water samples expressed by different bacteria (Figs. 8
and 9). Gene clusters for cobalt-zinc-cadmium (czcBCD, and czcA), As
(arsABC, acr3, arsH), Cr (chrA), Hg (merR, merC) and Cu (cusA, cusF) resis-
tance indicated elevated activity to survive in environments such as those of
the U roll front deposit. Bacteria living in these waters are probably able to
resist high heavy metal concentrations by genes encoding for CzcA, which
is essential for the expression of cadmium, cobalt, and zinc resistance and
play an important role in the export of redox-inactive metals (Co, Zn, and
Cd) from several bacteria (Nies, 2003). Such systemwas also previously de-
scribed in presence of 100 μM of uranyl acetate in Ralstonia metallidurans
(Nies, 2003) and Geobacter sulfurreducens proteome (Orellana et al.,
2014). Besides, Pinel-Cabello et al. (2021) described an up-regulation in
the expression of CzcA/CusA and CzcD in Stenotrophomonas bentonitica
treated with 100 μM of U, highlighting the importance of CzcCBDA com-
plex in U tolerance. Additionally, resistance to mercury is detected by the
presence of MerR, MerT and MerC (Dash et al., 2017; Sone et al., 2013),
while resistance to arsenic in these waters could be conferred by its extru-
sion from the cells through the protein Acr3 (Fu et al., 2009), in addition
to the chromosomal resistance system arsABC and arsH. Reduction of arse-
nate to arsenite must occur before its transport out of the cell (Carlin et al.,
1995). Therefore, the arsenate reductase ArsC uses a reduced glutathione
(GSH) and glutaredoxin for the catalysis of such reaction (Liu and Rosen,
1997; Martin et al., 2001) (Fig. 9). The presence of these genes suggested
a high activity of these bacterial communities in the As biotransformation
and resistance at uranium roll-front environments. In those water samples,
where the concentration of As is below detection limit (e.g.: MOZO_0007
13
and MOZO_0009), the expression of genes for As detoxification might be
explained by the fact that this element shares structural similarities with
selenium (Se) (Stolz et al., 2002). Consequently, both elements would
share the same detoxification mechanisms. Selenium could be transported
using the import system for As, then reduced by ArsC, and extruded from
the cells by the arsenical efflux pump ArsB. Oxidative stress generated by
the oxyanions would be prevented by the expression of the NADPH-
dependent FMN oxidoreductase ArsH (Hervás et al., 2012; Pinel-Cabello
et al., 2022).

Furthermore, expression of genes encoding for metal transport systems
were found to be prevalent in all water samples, with a slight increase in the
mineralized compartment. There is a Mg2+ transporter protein (CorA-
like)/Zinc transport protein (ZntB) (CorA/ZntB) that accumulates divalent
heavy metal ions non-specifically within the bacterial cells (Nanda et al.,
2019), and a multidrug exporter AcrB responsible for the resistance of
many microorganisms to wide range of drugs and antibiotics (Sennhauser
et al., 2006; Wang et al., 2011). It was also detected here the expression
of genes encoding for a cation efflux system CzcA/CusA/SilA/NccA/
HelA/CnrA that consists of H+/heavy metal cation antiporters. This family
mediates resistance to silver and copper with CusA and SilA (Franke et al.,
2003; Outten et al., 2001), to several heavy metals like cadmium, nickel,
and cobalt (NccA), catalyzes an energy-dependent efflux of Ni2+ and
Co2+ (CnrA), andmay be involved in the efflux of an unidentified substrate
(with HelA). Furthermore, resistance to Ni and Co in these waters was also
conferred by the Ni/Co homeostasis protein RcnB in conjunction with the
efflux pump RcnA (Blériot et al., 2011).

In these water samples Ni, Cd, Zn, and Co concentrations are below
detection limits and probably, bacteria use such genes expressed here
(e.g.: transporters) as a mechanism for the maintenance of metal cation
homeostasis to avoid U and other heavy metal toxicity by exporting them
out from the cells (Pinel-Cabello et al., 2021). After ISR mining operation,
high metal concentrations are expected to occur in solution as they are
more soluble in acidic and oxidizing conditions. The identified genes sug-
gest that bacteria would resist the high concentrations of metals generally
observed after ISR.

4.1.2. Adaptation to stress
The expression of all the previous genesmay suggest that after ISR actu-

ations, such active microbial community would be able to involve multiple
adaptations to survive under elevated stress driven by the harsh acidic
conditions, and neutralize the aquifer to pre-mining conditions aftermining
operations. Notably, from our results, it has been observed that bacteria
express more responses to stress in the mineralized and the reduced waters
than in the oxidized one. Systems to protect the cells from lysis and preserve
the intracellular chemiosmotic gradient were encountered here. This is per-
formed by using mechanisms such as protons' consumption by decarboxyl-
ation of amino-acid, metabolism of organic acids, and transport of protons
between the cytoplasm and periplasm (Bearson et al., 1997; Hemme et al.,
2010). For instance, in the case of acidic conditions, which should be
prevailing after injection of sulfuric acid, the cells could adapt to the low
pH by protons and other small ions' transport (for example K+). Such adap-
tation could be conferred by Orn/DAP/Arg decarboxylase and Arginine
decarboxylase (speA) implicated in the consumption of protons by
decarboxylation of these amino-acids, and by the high affinity of K+

translocating in Kdp complex (KdpABC); attributed here to Fluviicola and
Novosphingobium. The expression of such genes is probably due to the
high concentration of salinity in these water samples (Jroundi et al.,
2020). Aside from protons and other ion transport, many proteins related
to the DNA repair were expressed in these waters including Ribosomal pro-
teins, Squalene/phytoene synthase (for substrate binding and/or catalytic
mechanism), the transcriptional repressor LexA, in addition to RecA, both
implicated in the SOS response to DNA damage. The presence of DNA-
binding proteins Dps, synthesized during prolonged starvation to protect
DNA from oxidative damage, was observed indicating the harsh conditions
and oligotrophic environment at this site. The expression of genes related to
several molecular chaperons, including GroEL, GroES, GrpE, CopZ, DnaJ,
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DnaA, DnaK, and components of the ISC system (HscA and HscB) were
abundantly expressed in the mineralized and reduced waters, indicating
the need of these bacterial communities for a strong assistance frommolec-
ular chaperons to adequately cope with the environmental stress and repair
of the damaged proteins (Okamoto-Kainuma and Ishikawa, 2016). Thus,
the bacterial physiological feature on stress tolerance has been enhanced
by the presence of genes involved in active chaperons and response to stress
(Hong et al., 2012) as well as genes involved in DNA synthesis and replica-
tion (e.g.: DnaJ, and DnaA).

Noteworthy was the multiple processes employed by this active bacte-
rial community as a response to the oxidative stress (also resulting from
heavy metal pressure) and the maintenance of cell homeostasis (Chen
et al., 2018; Nanda et al., 2019). Some oxidant and free radical detoxifica-
tion processes strongly demand cells through the expression of genes
encoding antioxidant compound synthesis (glutathione), peroxidase, super-
oxide dismutase (SOD), catalase, and peroxiredoxin (Figs. 8 and 9); mainly
through the expression of Alkyl hydroperoxide reductase C (AhpC), Rec
genes, and ParB/Sulfiredoxin proteins (Seaver and Imlay, 2001; Janion,
2008; Figge et al., 2003). Finally, the cell machinerieswere essentially pow-
ered by metabolic pathways such as tricarboxylic acids (TCA), glyoxylate,
and pentose phosphate cycles, which consistently, with the other observed
functions, are known to be involved in oxidants fighting and cell homeosta-
sis (Amato et al., 2019; Oka et al., 2012).
4.1.3. Nitrate metabolism
Nitrate—present in these waters in moderately high concentrations

(ranging from 1.02 to 14.87 mg/L)—is firstly consumed by nitrate-
reducing bacteria as terminal electron acceptor to be gradually converted
to N2. Bacteria in these waters metabolize more N in the mineralized and
the oxidized waters than in the reduced ones. The concentration of N in
form of NO3 and NH4 were distributed in function of the redox compart-
ments, being more elevated in the oxidized waters (Jroundi et al., 2020
and Fig. S7). For this reason, it was expected to obtain a bacterial popula-
tion especially active (high N assimilation genes) for the reduction of NO3

toNitrogen, but also those recycling NO3 toNO2 and NH4. This could be ex-
plained by the presence of more important levels of organic maters at the
mineralized compartments observed in the waters at this site (Jroundi
et al., 2020) and actually known for U ore deposits (Rallakis et al., 2019).

In the subsurface environment, nitrate reduction ismainly driven by the
microbial control of local biogeochemical conditions, involving favorable
environmental conditions (e.g.: absence of dissolved oxygen and
micronutrients) and demanding electron donors (Henson et al., 2017;
Rivett et al., 2008). In these water samples, mRNA transcripts encoding
for NirB (the large subunit) and NirD (the small subunit) of the enzyme
for the assimilatory nitrite reductase activity (Schneider and Schmidt,
2005) were highly expressed in the mineralized and the oxidized waters,
respectively. Assimilatory nitrate/nitrite reductases change nitrate to
nitrite to ammonium. The activity of nitrite reductase in Actinobacteria
and Proteobacteria is carried out by this NADH-dependent nitrite reductase,
neutralizing the nitrite produced during the nitrate reduction. NarX, a his-
tidine kinase receptor, responds to the presence of nitrite and nitrate for
the effective anaerobic respiration regulation in several bacteria (Cheung
and Hendrickson, 2009). Also, prevalent here were transcripts for Nitrite/
Sulfite reductase 4Fe-4S domain, which catalyze the six-electron reductions
of sulfite to sulfide, and nitrite to ammonia, respectively. Ammonium trans-
port is then assumed by the AmtB protein (Khademi et al., 2004) expressed
abundantly in these water samples. Also detected here were nitrogen regu-
lation (NR) proteins phosphorylated by NtrB, a two-component regulatory
system for the transcription of glnA (Rexer et al., 2006), a key enzyme im-
plicated in nitrogenmetabolism, that acts in both nitrogen assimilation and
L-glutamine biosynthesis, involving gltBD (Chen et al., 2015).

Nitrogen fixation is also usually employed as a strategy for the bacterial
survival in metal-rich oligotrophic mining environments (Sun et al., 2020).
In fact, in all these water samples, many genes for nitrogen fixation are
expressed encoding for NifU, and NifB, from the NIF system needed for
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the production of metalloclusters of nitrogenase, the nitrogen-fixing
enzyme, that catalyzes the nitrogen fixation in several microorganisms
(Allen et al., 1995; Seidler et al., 2001). Also, genes encoding for FixO,
FixX, FixH, and FixG were highly expressed (Figs 8 and 9). Among them
was the FixO as a subunit of cytochrome cbb3 oxidase that provides oxygen
reduction in suboxic environments with its high-oxygen-affinity. FixX, a
Ferredoxin-like protein (one of the nitrogen-fixation genes locus of various
species), suggested to donate electrons to nitrogenase. Instead, FixH and
FixG are thought to be involved in a membrane-bound complex, coupling
a redox process with the cation pump (FixI) catalyzed by FixG (Kahn
et al., 1989).

Nitrate assimilation, in this extreme environment, could have an impor-
tant role in the reduction of U(VI) to U(IV) and therefore, positively affect
uranium bioremediation, since no radionuclide reduction was reported to
occur in nitrate- and uranium-containing environments prior to complete
nitrate removal (Safonov et al., 2018). Moreover, SO4 reduction is limited
as long as NO3 is still present in the environment (Davidova et al., 2001;
He et al., 2010). Specific stress could be posed to sulfate reducing bacteria
(SRB) by the presence of nitrate as this element has been observed to
suppress the in situ sulfate reduction (Jenneman et al., 1986). Thus, the
presence of such active nitrate assimilating bacteria would actually
promote the activity of SRB.
4.1.4. Sulfur/sulfate metabolism
The mineralogical composition of Zoovch Ovoo deposits sandy sedi-

ments showed the presence of some biogenic framboidal pyrite (FeS2) in
the fine sedimentary matrix (Robin et al., 2020; Rallakis et al., 2019). The
dissolution of such Sulfur-bearing minerals may result in a Sulfur-rich envi-
ronment, where variations in the different Sulfur elements would contrib-
ute to the biogeochemical Sulfur cycling. Large number of functional
genes responsible for Sulfur cycling were detected in the different aquifer
compartments at this site (Figs 8 and 9), being more pronounced in the
reduced and mineralized compartments than in the oxidized one. Sulfate-
reducing bacteria were particularly active since important genes were
retained for sulfate reduction namely the sulfate dissimilating reductase
aprAB (Adenylylsulfate reductase, assigned to unclassified-Bacteroidetes),
two sulfate assimilation reductases: APS [adenylylsulfate kinase (cysC)]
and PAPS_reductase [Phosphoadenosine phosphosulfate reductase (cysH)],
and a SAT [Sulfate adenylyltransferase (cysN)]. In this study, the abundance
of sulfate assimilating reductaseswasmuch higher than that of sulfate dissim-
ilating reductases (absence of dsr genes), indicating that the microbial
community involved a strong Sulfur assimilation effect for the sulfate reduc-
tion. Several sulfate-assimilating bacteria use APS as the substrate for sulfate
reduction (Ayangbenro et al., 2018; Bick et al., 2000). Meanwhile, the abun-
dance of one of the key enzymes for dissimilatory sulfur reduction, sulfate
dissimilating reductases (aprAB), which transform sulfate to sulfide under an-
oxic conditions, indicated the implication of this community in the reduction
of sulfate, using it as a terminal electron acceptor for respiration in the
absence of molecular oxygen (Biderre-Petit et al., 2011). Sulfate reduction
can increase pH by consuming protons coupled with the precipitation of
toxic metals as metal sulfides (Ayangbenro et al., 2018). Thus, sulfate-
reducing bacteria play a crucial role in generating alkalinity and neutraliz-
ing acidic environments such as those impacted by the ISR process. Accord-
ing to Sun et al. (2020), an elevated abundance of functional genes for
sulfate reduction was detected in the more highly contaminated Acid
Mine Drainage (AMD) site with a pH value of 2.5, indicating the presence
and activity of such SRB in these extreme pH environments. This could
be explained by the detected activity of acidophilic bacteria, which are
able to oxidize reduced sulfur compounds (e.g.: thiosulfate, Sulfur, etc.)
occurring in metal sulfides such as pyrite, FeS2, and providing sulfates
that enhance the growth of SRB. In addition, such SRB could have a signif-
icant implication in the genesis of the U deposits in the mineralized
compartment, by providing sulfides as a reducing agent or generating bio-
genic U necessary for the construction of the roll front ore deposit
(Bhattacharyya et al., 2017).
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4.2. Implications of the active microbial communities in the U roll-front
environments

Our metatranscriptomic analysis has provided a detailed gene tran-
scriptional profile for the naturally occurring microbial communities
in this extreme U roll-front deposit environment, demonstrating how
these microorganisms could change and adapt to the different physio-
logical conditions (Fig. 9). The transcriptional analysis revealed a high
diversity of transcripts closely related to the physicochemical character-
istics of the roll-front deposit environment, being slightly more pro-
nounced at the mineralized and reduced aquifer compartments.
Furthermore, significant functions, biogeochemical pathways and im-
portant processes involved in the genesis of the sandstone-hosted roll-
front U deposits at low-temperature like those of the Zoovch Ovoo de-
posit could be elucidated here. Presence and activity of some key micro-
organisms such as active sulfate-reducing bacteria at the mineralized
compartments supports the implication of the biogenic processes in
the U ore genesis in the roll-front deposits. In fact, Rallakis et al.
(2021) recently proposed a comprehensive metallogenic model for the
uranium ore genesis at the Zoovch Ovoo deposit, and suggested that U
trapping and reduction occur mainly through biomineralization pro-
cesses by the continuous bacterial activity and sulfides liberated as a
by-product from the pyrite bio-oxidation. In this study, for the first
time, the transcriptional bacterial activity was demonstrated in the
redox controlled aquifer system, which supports the evidences that a
significant role is played by the found active bacteria in the direct U
trapping and concentration as reducing agents. These findings would
help to dissipate the doubts about the microbial role in the U ore genesis
and the further implications of the biogenic processes in U ore or pyrite
formation.

Moreover, from the detection of transcripts for heavy metal-, nitrate-,
and sulfate-reduction as well as genes for the adaptation to acid pH, impor-
tant clues are provided for such activities within the aquifer. Overall, the
transcriptional behaviour of the microbial communities (sulfur oxidation,
sulfate reduction, nitrate reduction, heavy metal reduction, etc.) indicates
their versatility and adaptability in the aquifer, while redox and geochem-
ical conditions change. It also gives important insights into their contribu-
tion to the stabilization of these U roll-front environments and the
potential further implication in the aquifer restoration to the initial pre-
mining conditions after an ISR actuation. Furthermore, in the hypothetic
case of increasing concentrations of heavy metals such as Cd, As, Hg or
other trace metals, that result from the dissolution of U orebody minerals
during the ISR process, the microbial communities showed the ability of
adopting many resistance approaches that impact directly the transport
and transformation of such metals/radionuclides (e.g.: U) by affecting
their speciation and solubility and thus decreasing their toxicity in the envi-
ronment (Macur et al., 2001; Sun et al., 2018; Yan et al., 2020; Yang et al.,
2016).

All in all, the data presented in this study further demonstrate that
the future uranium remediation would probably be achieved by the oc-
curring of metal-reducing bacteria, enhanced and facilitated by nitrate
and sulfate reduction activities. Geochemical conditions in the natural
roll front environment (Eh, metal gradient, pH, O2, etc.) would govern
the bacterial identity as well as their abundance, which in turn influ-
ence the activities expressed in each zone. In general, the oxidized
oxic conditions seem to induce less stress responses in the bacterial
populations than in the anoxic mineralized and reduced conditions.
Thus, it is worth to indicate, that the stress responses observed
would be related to the structure of the roll front. Such observation
highlights that determining the bacterial activity and not only diver-
sity, is the most suitable way for providing accurate information on
roll front zonation and orebody formation. More importantly, insights
into the transcriptional traits of the microbial communities and their
adaptation in response to the changing environmental conditions are
definitely imperative challenges to elucidate for the correct applica-
tion of bioremediation strategies.
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5. Conclusions

In summary, our metatranscriptomic study from groundwaters of a U
roll-front deposits illuminated structural and functional variations among
the different redox-inferred aquifer compartments. We provide here the
first molecular picture including important information on the functioning
of microbial living cells, their physiological adaptabilities and potential im-
pacts within such environments before any mining ISR actuations. This
help to highlight interesting biological functions, and allows to accurately
identify specific target genes for futures investigations. Overall, this study
helps to define the actual biological imprints on U roll-front environments
and predict clues about the microbial activity that will be induced by
post-operational environmental factors. Additionally, it provides key infor-
mation for the understanding of the role of the activemicroorganisms in the
genesis of U deposits under low temperatures. In particular, high expression
of transcripts associated with wide range of functions was detected. Inter-
estingly, Bacteria, Archaea, and Eukarya are demonstrated to play a crucial
role in several processes like nitrogen metabolism, sulfur metabolism,
heavy-metal resistance, carbon metabolism, oxidative and environmental
stress in the U roll-front deposits, regardless of the type of redox inferred
in each aquifer compartment. Finally, this study indicated the adaptability
of the microbial communities to the changing geochemical conditions in
such an extreme environment as shown by the presence of key genes asso-
ciated to the resistance to specific elements and stresses. Through the per-
formance of this type of analyses, we could clarify the microbial
metabolic lifestyles and expression patterns in aU roll-front system, thereby
expanding our assessment of the microbial capabilities and limitations, in
view of a suitable remediation scenario.

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.scitotenv.2022.160636.
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