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ARTICLE INFO ABSTRACT

Keywords: The aim of the present research was to determine the metaphenome (the expressed microbial functions) of a
Soil calaminiferous soil mostly contaminated with Zn and Pb. For that, three *omics approaches were combined using

Metals soil samples: shotgun metagenomics (MG), metatranscriptomics (MT) and shotgun metaproteomics (MP). Results

f:;fi show that several indexes of bacterial diversity were significantly reduced. The soil was dominated by Acid-
Cadmium obacteria, Chloroflexi and Gemmatimonadetes. Although many of the species were not identified, the mean
Bacteria percentages of reads for Candidatus_Solibacter, Bryobacter, Rhodomicrobium and Niastella were significantly more
Rhizosphere elevated in the contaminated soil when compared to a control soil. For functionality, the identified proteins were

classified in 28 functional SEED categories. The MG approach detected many genes that may be used to degrade
various types of organic materials, among which chitin, N-acetylglucosamine, cellulose and glycogen. This
suggests that the important carbon cycle functions of the heterotrophic communities are maintained in the soil.

Metal resistance

For metal resistance, the most abundant proteins were P-type ATPases efflux systems.

1. Introduction

Calaminiferous soils, or calaminarian grasslands, are open plant
formations (the substrate is frequently visible) which colonize soils rich
in Cd and Zn, sometimes with other metals such as Pb (Baker et al.,
2010). They take their name from the town of La Calamine, in the east of
Belgium, where various ores rich in Zn and Pb were extracted. Calamine
is also a historic name for several ores of zinc such as smithsonite
(ZnCO3) and hemimorphite (ZngSioO7(OH),-H50). Calaminarian grass-
lands are naturally present all over the world, for example on rocky
outcrops containing high proportions of zinciferous ores. Today, natural
calaminarian grasslands have practically disappeared as a result of the
exploitation of the metal deposits. However, they are still found on
waste dumps, along the edge of some rivers, and on soils poisoned by the
fallout of fumes from zinc factories and aerosols from waste dumps such
as in Auby in northern France (Lemoine, 2012) and also in Poland
(Gotebiewski et al., 2014) and Spain (Epelde et al., 2010). Metals have a
significant influence on these soils and many organisms resistant to high
concentrations of metals are found (Baker et al., 2010). Surprisingly,
very few studies on the microbiology of such soils have been published
(Epelde et al., 2010; Got¢biewski et al., 2014; Beattie et al., 2018;
Olenska et al., 2020), and only two of them have used 16S rRNA gene
analysis to assess bacterial diversity (Got¢biewski et al., 2014; Beattie
et al., 2018). It was found that the core set of OTUs comprised members
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of such taxa as Sphingomonas, Candidatus Solibacter, or Flexibacter
(Gotebiewski et al., 2014). Seven phyla were found to significantly
correlate with at least one metal including Acidobacteria, Actino-
bacteria, Bacteroidetes, Chloroflexi, Planctomycetes, Proteobacteria,
and Verrucomicrobia. Within these phyla, multiple genera were signif-
icantly and positively correlated with metals including Streptomyces,
Flavisolibacter, Sphingomonas, Geobacter, Gemmata and Planctomyces
(Beattie et al., 2018). However, none of these studies used proteomics,
shotgun metagenomics or transcriptomics to focus on active soil mi-
croorganisms and discover their metal-resistance mechanisms. There-
fore, the functioning of microbial communities in calaminiferous soils is
still largely unknown.

The aim of the present research was to determine the metaphenome
of a calaminiferous soil located in North of France (Auby, Péru Parc).
The metaphenome may be defined by the expressed functions encoded
in a metagenome found in a particular environment (Jansson and Hof-
mockel, 2018). The metaphenome thus encompasses the entire ‘omics’
field, including the metagenome, the metatranscriptome (expressed
genes), the metaproteome (proteins resulting from translation) but also
the metabolome. In the present research we will mainly focus on tax-
onomy (who’s there? who is active?), functionality, and the capacity of
metal resistance. For that three ’omics approaches will be combined:
metagenomics (MG), metatranscriptomics (MT) and metaproteomics
(MP). A targeted MT approach, based on the 16S rRNA gene, was first
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used to compare the bacterial communities in the calaminiferous soil
and a control soil, to identify the active bacterial clades that were
enriched in Auby. We then focused on the metal-contaminated soil using
a shotgun MP approach to confirm the active soil microbes found by MT.
The main functions in the soil were also provided by a shotgun MG
approach. The combination of these 'omics approaches gave valuable
insights on both taxonomy and functionality of the most abundant and
active microorganisms in the calaminiferous soil.

2. Materials and methods
2.1. Collection of soil samples

Samples of surface soil (0-5 cm) were collected in the Péru parc
(Auby, France, 50°24°26"N, 03°04’59"E; 50.407222 N, 3.083056 E), a
calaminiferous soil in the vicinity of an active Zn factory. Samples of soil
were also obtained in a control soil (garden soil of the Mons University,
50°27°46"N, 03°57°16"E, located 82 km at the east of Auby). The Auby
soil featured metallophytes (Arabidopsis thaliana and Viola calaminaria),
and these plants were absent from the control soil.

For MT, samples were collected in both sites on the 23d September
2021 and placed in sterile 50 mL Falcon tubes in triplicate (n = 3). For
MP and MG only the calaminiferous soil was investigated. For MG the
soil was collected on October 25th, 2018, and samples from several
points separated by about 2 m from each other were combined and
homogenized. A total of 165 g of mixed soil was obtained, and 5 g of the
soil mixture was then used for DNA extraction. For MP, 4 soil samples of
5 g (separated by about 2 m from each other) were obtained on 27th
August 2019.

2.2. Total metals and soil pH

For total metals, soil samples were obtained in October 2022 (n = 8
for Auby, n = 4 for controls). The samples were first dried for 48 h at
60 °C. Aliquots of ca. 2 g of soil were then mineralized by a 1 h treatment
with hot (80-100 °C) HNO3 (20 mL, 65%), HoO> (10 mL) and HCI (30
mL, 37%). The solution was then filtered by gravity (Schleicher & Schiill
filters, n°589/2, porosity 4-12 pm) and the glassware was rinsed with
MilliQ water, up to a final volume of 20 mL. Metals were then quantified
by the ICP-AES approach (Iris Intrepid II XSP) using a calibration curve
and certified reference materials (ICP multi-element standard solution
IV, Cetripur, Merck). Soil pH was determined with fresh soil samples
(250 mg) placed in 10 mL of a solution of 1 M KClI and using a laboratory
pH-meter (Mettler-Toledo FiveEasy).

2.3. Metatranscriptomics (MT)

Nucleic acids extraction. Six soil subsamples of 500 mg (3 tubes for
the Auby metal-contaminated soil, 3 tubes for the control soil) were
placed in 2 mL tubes with glass beads (Lysing Matrix E, MP-Biomed). A
volume of 500 pL of CTAB buffer was then added to the six tubes. This
buffer contained (for 200 mL) 4.09 g of NaCl and 10 g of hexadecyl-
trimethylammonium bromide dissolved in a final volume of 100 mL of
DEPC-treated water; then a volume of 100 mL of a potassium phosphate
buffer (240 mM, pH 8.0) was added. Phenol-chloroform-isoamyl alcohol
(25:24:1; pH 8.0) was added to the six tubes (500 pL). The tubes were
then placed in a bead-beater (Precellys 24, Bertin technologies) and
agitated at 6500 rpm for 45 s at room temperature. Tubes were then
briefly placed on ice and centrifuged at 16000g for 5 min at 4 °C. The top
aqueous phase was recovered (450 pL) in an Eppendorf Protein LoBind
tube (certified RNase and DNase free) and combined with the same
volume of chloroform-isoamyl alcohol (24:1). Tubes were vortexed a
few seconds and centrifuged as before. The top aqueous phase was then
recovered (400 pL) and combined with two volumes (800 pL) of a PEG-
NaCl buffer. Buffer PEG-NaCl contained 30% (w/v) of polyethylene
glycol 6000 in 1.6 M NaCl. Tubes were then manually agitated by
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inversions and left for 2 h at room temperature to precipitate nucleic
acids. Tubes were then centrifuged (20 min at 16000g at 4 °C), the su-
pernatant was eliminated, and the pellet formed was then washed with
1 mL of 70% ethanol in DEPC-treated water (tubes were inverted several
times). Tubes were then centrifuged for 10 min (16000g, 4 °C) and the
70% ethanol was slowly eliminated with a pipet to leave the pellet un-
disturbed. The pellet was then dried 5-10 min at ambient temperature
(tube caps opened). The dried pellet was resuspended in 40 pL of THE
RNA storing solution (ThermoFischer) and the nucleic acids were stored
at —80 °C.

RNA purification and reverse transcription. The DNA in the six tubes
was eliminated using the RQ1 RNase-free DNase kit (Promega). For that,
38 pL of nucleic acids were combined with 7.6 pL of reaction buffer and
30.4 pL of DNase. The tubes were incubated 30 min at 37 °C, then 7.6 puL
of stop solution was added and then tubes were incubated 10 min at
65 °C. The RNA was then purified using the MEGAclear Transcription
clean-up kit (ambion, Life technologies) and then eluted using the
elution solution provided by the kit (2 tubes of 50 pL). The RNA was
quantified using the Qubit 3.0 method, and the tubes with the maximal
quantity of RNA were selected. The first strand of the reverse tran-
scription process was then generated using the SuperScript IV first-
strand cDNA synthesis kit (ThermoFischer) with random hexamers
from Sigma (pd(N)6, potassium salt, ref 11034731001). For that 22 pL of
RNA was combined with 2 pL of hexamers (final concentration of 178
pM) and 2 pL of ANTP. The mixture was incubated 5 min at 65 °C then 8
pL of SSIV buffer (5x), 2 pL of 100 mM DDT, 2 pL of an RNase inhibitor
and 2 pL of SuperScript IV reverse transcriptase (200 U/uL) were added.
The tubes were incubated 10 min at 23 °C, 2 h at 52 °C and 10 min at
80 °C. The second strand cDNA synthesis kit (Invitrogen) was then used
following the protocol given by the manufacturer, except that the tubes
were incubated 2 h at 16 °C. The DNA produced was purified using the
GeneJET PCR purification kit (ThermoScientific) and the DNA was
eluted in 50 pL.

PCR amplification of the 16S rRNA gene and sequencing. DNA from
the previous reverse transcription step was used with primers 515 F-Y
(5-GTG YCA GCM GCC GCG GTA A-3') and 926 R (5-CCG YCA ATT YMT
TTR AGT TT-3') (Parada et al., 2016) to amplify a 411 bp fragment of the
16S rRNA gene by PCR (V4 and V5 region of the 16S rRNA). The Red’y
StarMix PCR kit from Eurogentec was used with a final concentration of
primers of 0.1 uM. The following cycle was used: 3 min at 95 °C, then 25
cycles with 45" at 95 °C, 45" at 50 °C and 90" at 68 °C. The final
extension step was 5 min at 68 °C. PCR amplicons were visualized by
electrophoresis on agarose 1.5% with Gel Red staining. Several PCR
amplifications were performed in parallel to produce enough DNA for
sequencing. PCR amplicons were finally combined and purified using
the GeneJET PCR purification kit. The quantity of DNA obtained was
comprised between 150 and 550 ng. The DNA was then sequenced by
the Illumina method on a NovaSeq platform using a 250 bp paired-end
method (sequencing performed by Novogene, PE250, Q30 > 75%). For
that the DNA was randomly sheared into short fragments. Then DNA
fragments were narrowly size selected with sample purification beads.
The obtained fragments were end-repaired, A-tailed and further ligated
with Illumina adapters. After these treatments, the fragments were
filtered with beads again. The library was checked with Qubit and
real-time PCR for quantification and bioanalyzer for size distribution
detection. Quantified libraries were pooled and sequenced according to
the effective library concentration and data amount required (1 G raw
data per sample). The number of raw reads obtained varied between 4
and 5.10° for each of the 6 samples with Q20 > 95% and Q30 > 90%
(Base count of Phred value > 20 or 30) / (Total base count).

Bioinformatic treatments. The Cutadapt software (https://github.
com/marcelm/ cutadapt) was first used in paired-end mode to remove
PCR primers from the raw reads and sequences without primers were
eliminated. The DADA2 pipeline (Callahan et al., 2016) was then used
within the R environment for all the bioinformatic treatments (package
version 1.23.0). Sequences of low quality or featuring unidentified
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nucleotides (N) were eliminated using the filterAndTrim command
(forward reads were trimmed at 240 bases, and reverse reads at 225
bases). Reads were dereplicated (derepFastq command) and error rates
were calculated (learnErrors command). The dada command was then
used with OMEGA_A = 1e-30 and contigs were generated using the
mergePairs command. Only unique contigs were kept for the analysis. At
this point, chimeric sequences were removed (removeBimeraDenovo
command) and contigs were aligned to the SILVA database (version
silva_nr_v132). Then, sequences homolog to chloroplasts and mito-
chondria were removed, as well as sequences featuring more than 8
identical nucleotides (homopolymers). Finally, a last check with
UCHIME2 was performed to remove remaining chimeric sequences
(Edgar et al., 2011; Edgar, 2016). Tables with the percentage of reads at
the phylum, class, order, family, and genus levels were then generated.
Non-parametric statistics were then used to analyze these tables (Mann
Whitney U test). For alpha diversity, the Shannon (H), Chaol and
Simpson indexes (D) were calculated using the list of bacterial genera in
Excel as described in Kim et al. (2017). Sequences were then deposited
at the NCBI (Auby: BioProject PRJNA929332; UMons: BioProject
PRJINA929480).

2.4. Shotgun metagenomics (MG)

The purpose of the shotgun MG approach was to assess soil func-
tionality but also to construct a gene database to be used for meta-
proteomics (MP). For DNA extraction, the 5 g of mixed soil obtained
above was first washed successively with three sterile buffers differing in
EDTA concentration in order to remove as much metals and sequencing
inhibitors as possible (Fortin et al., 2004). Total DNA was then extracted
using the DNeasy PowerSoil Kit (QIAGEN) according to the manufac-
turer’s instructions. For that 6 x 250 mg of soil was used (the maximum
quantity of soil in one tube). The DNA quantity and quality were then
determined by the PicoGreen approach and the quality was also verified
by 1% agarose gel electrophoresis.

Sequencing was then performed using an Illumina PE150, NovaSeq
platform (paired ends, 2 x150 bp). The obtained raw FastQ files were
uploaded to the Metagenomics Rapid Annotation using Subsystem
Technology (MG-RAST, v4.0.3) server for taxonomic and functional
analysis (Meyer et al., 2008). The default settings of the MG-RAST
automated processing pipeline were used. Briefly, the low-quality
reads were trimmed by the Skewer software, the clean reads were
then aligned by Bowtie 2, coding regions were predicted by FragGe-
neScan, and protein clusters at 90% identity level were built using
CD-HIT. For taxonomic assignments, sequences were searched against
the RefSeq database. For protein identification and annotation, the pu-
tative sequences were subjected to BLAST against the M5NR (non-re-
dundant protein database) in the MG-RAST server to annotate their
function. The M5NR is an integrated database containing the NCBI
GenBank, Clusters of Orthologous Groups (COGs), Kyoto Encyclopedia
of Genes and Genomes (KEGG) and SEED in a single searchable database
(Meyer et al., 2008). The Cut-off parameters were as default in MG-RAST
for taxonomic and functional analysis, included an E-value < 1.00e-05,
identity of 60%, and a minimum alignment length of 15.

An MG-RAST independent analysis was also performed for metal-
resistance genes. For that, the illumina paired-end reads were first
assembled with PEAR v0.9.11 (Zhang et al., 2014). A total of 41,687,329
assembled reads were thus obtained. These reads were then compared to
the BacMet database (version 2.0), a manually curated database of 753
metal and biocide-resistance genes, with experimentally confirmed
resistance function (Pal et al., 2014). To perform this comparison DIA-
MOND v2.1.8.162 was used with the blastx option (Buchfink et al.,
2021). The scoring parameters were Matrix=BLOSUM62, Lambda=
0.267, K= 0.041, Penalties= 11/1. The tsv-file produced was then
searched for matches (identities >80% and an Evalue <1.00e-05) using
tsv-filter (https://opensource.ebay.com/tsv-utils/).

The raw sequences data (FASTQ format) acquired through the
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shotgun sequencing were deposited at NCBI SRA databases under Bio-
Project accession number PRJINA782887.

2.5. Shotgun metaproteomics (MP)

Protein extraction of the 4 unmixed soil samples (n = 4) was per-
formed as previously described (Gillan et al., 2015; Bertin et al., 2011).
A Nycodenz gradient was first used to recover microbial cells from the
soil. Five grams of fresh soil was first mixed with 15 mL of recovery
solution (0.15 g/L NasS040.10 H,0; 0.45 g/L (NH4)2SO4, 0.05 g/L KCI;
0.5 g/L MgS040.7 H20; 0.05 g/L KHPO4; 0.014 g/L Ca(NO3)20.4 Hy0)
and agitated for 60 h at 4 °C in order to detach microbial cells from the
soil particles. The solution was vortexed, sonicated and centrifuged at
low speed (300 g) and 8 mL of supernatant was collected and then
replaced by 8 mL of fresh recovery solution, every 12 h. The individual
supernatants were finally combined. The combined supernatants were
then mixed with a Nycodenz solution with a ratio of 1:2.33 (v/v), and
then centrifuged 30 min at 9000g. The interfaces containing the bacte-
rial cells were collected gently, diluted with two volumes of recovery
solution, then combined. Finally, the solution was centrifuged at 16,000
g for 30 min and the bacterial pellets were used for protein extraction.
The bacterial pellet was resuspended in 40 pL of Laemmli buffer 1% and
sonicated 30 s, then heated 3 min at 95 °C, centrifuged at 14,000 g for 5
min. The proteins in supernatant were separated by sodium dodecyl
sulfate polyacrylamide gel electrophoresis (SDS-PAGE) using a 4-20%
Mini-PROTEAN TGX Precast Gel (Bio-Rad Laboratories). The gel was
stained with a solution containing 0.25% Coomassie Brilliant Blue
R-250, 10% acetic acid, and 50% methanol. Each gel lane (four lanes)
was cut into 25 pieces of 1 mm. Subsequently, the gel bands were
washed, and the proteins were reduced by dithioerythritol (DTE),
alkylated by iodoacetamide and finally precipitated using acetonitrile
(ACN). The obtained protein pellets were then solubilized using 25 mM
ammonium bicarbonate (NH4HCO3) containing trypsin (final concen-
tration 10 ug mL™) and incubated overnight at 37 °C. Finally, 0.1%
formic acid (v/v, final concentration) was added to the digestion solu-
tion and stored them at —20 °C for LC-MS/MS analysis.

Protein identifications were performed following a label-free strat-
egy on an UHPLC-HRMS platform (EkspertTM nanoLC 425- AB SCIEX
TripleTOFTM 5600) (Géron et al., 2019). Peptides were separated on a
75 pm x 25 cm C18 column using a linear acetonitrile (ACN) gradient
[3-35% (v/v), in 30 min] in water containing 0.1% (v/v) formic acid at
a flow rate of 300 nL min™'. Data were acquired in a data-dependent
acquisition mode (DDA). The acquired MS/MS data was searched
against three home-made protein databases using ProteinPilot software
(v5.0.1, AB SCIEX) with Paragon algorithm. The three home-made da-
tabases include a metagenome database (DB1) which was constructed
using the predicted coding regions obtained by MG analysis (unassem-
bled reads), a metal resistance protein database (DB2) constructed by
collecting all the proteins associated with metal resistance from UniProt,
and a combined database (DB3) using DB1 and DB2. The searching
parameters were as follows. Sample Type: Identification; Cysteine
Alkylation: Iodoacetamide; Digestion: Trypsin; Search Effort: Thorough
ID; ID Focus: Biological modifications and Amino acid substitutions;
Detected Protein Threshold [Unused ProScore (Conf)]> : 0.05(10%).
The FDR threshold of 1% was used for each protein searches. Peptides
and proteins lists were then exported from ProteinPilot to the Pro-
teinPilot descriptive statistics template (PDST, AB SCIEX) for data
management and additional analysis. The protein annotation was per-
formed using metaProteomics in environmental sciences (mPies) soft-
ware (Werner et al., 2019). For taxonomic and functional annotation,
mPies used Diamond to align the non-redundant NCBI database and the
UniProt database (Swiss-Prot), respectively, and retrieved up to 20 best
hits based on alignment score (>80). For taxonomic annotation, mPies
uses returned the LCA among the best hits via MEGAN (bit score >80).
For functional annotation, mPies returned the most frequent protein
name, with a consensus tolerance threshold > 80% of similarity among
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the 20 best blast hits. Proteins annotated with a score below this
threshold were manually validated (Géron et al., 2019).

3. Results
3.1. Metals and soil pH

Total metals in the two types of soils are shown in Table 1. It may be
seen that the calaminiferous soil (Auby) is much more metal-
contaminated that the control soil (Cd, 395 times; Pb, 15 times; Zn, 83
times). Cu levels were below the detection limit in the control soil. The
pH of the Auby soil was significantly lower than the pH of the control
soil (Mann-Whitney, o = 0.05%).

3.2. Number of sequences obtained

The number of raw sequences obtained in the targeted MT approach
(based on the 16S rRNA PCR amplification after the extraction of the
total RNA) varied between 1.7 and 2.6 x 10° sequences. After cleaning
by the DADA2 pipeline (dereplication, merging, removal of chimera,
eukaryotes and homopolymers), and the removal of chimeric sequences
by UCHIME2, the number of unique 16S rRNA partial sequences ob-
tained was comprised between 173 and 220 sequences (Table S1).

For MG (only in Auby), a total of 38,159,653 raw sequences were
obtained, with an average read length of 252 bp and a GC percentage of
61% (Table S2). Following quality trimming, a total of 33,738,709
(88.41% of the total) sequences remained, including 46,014 sequences
(0.14%) of ribosomal RNA genes, 17,082,540 sequences (50.63%) of
predicted proteins with known functions, and 16,610,155 sequences
(49.23%) of predicted proteins with unknown function.

For MP (only in Auby), four independent samples were collected
from the soil (n = 4) and three home-made protein databases (DB1, DB2,
DB3) were used for protein identification. The mean number of identi-
fied proteins were 1785, 48 and 1790, based on DB1, DB2 and DB3,
respectively (Table S2).

3.3. Bacterial diversity

The diversity of reads obtained by MT was assessed using the
Shannon, Chaol and Simpson indexes (Table 2). These indexes were
significantly more elevated in the control soil (U1-U3) when compared
to the Auby metal-contaminated soil (Mann-Whitney, p < 0.05).

3.4. Taxonomy at the phylum level

MG analysis indicated that Bacteria were dominant in Auby (98% of
the MG reads) with only 1.1% of the reads that were affiliated to
Eukaryota and 0.9% to the Archaea. At the phylum level, MT analysis
indicated that both soils were dominated by Proteobacteria, Actino-
bacteria and Acidobacteria (Fig. 1, Table S3). The mean percentages of
reads affiliated to Proteobacteria were significantly less abundant (1.5x)
in the Auby soil when compared to the control soil (p < 0.05). On the
contrary, for Acidobacteria, Chloroflexi and Gemmatimonadetes, the
mean percentages of reads were significantly more elevated in the Auby
soil when compared to the control soil (Table S3). Acidobacteria levels

Table 1
Total metals (mean + SD, in pg g™ of dry weight) and soil pH in the calam-
iniferous soil (Auby, n = 8) and the control soil (Mons, n = 4). n.d., not detected.

Auby Mons
cd 79 + 97 0.2 + 2E-05
Cu 5+8 n.d.
Pb 1638 + 986 107 + 28
Zn 12,125 £+ 9431 146 + 28
pH 5.8 +0.3 6.4 +0.2
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Table 2

Values of the diversity indexes (Shannon, Chaol and Simpson) obtained after
metatranscriptomics. A1-A3, Auby metal-contaminated soil samples; N, number
of reads analyzed; N(id), number of reads identified at the genus level; S, number
of unique genera; U1-U3, control samples.

N N (id) S Shannon (H) Chaol Simpson (D)
U1l 211 90 67 15.5 151 0.030
U2 173 65 48 6.2 83.2 0.029
U3 202 97 63 5.6 158 0.020
Al 220 93 42 -10.5 53 0.014
A2 202 82 43 - 4.7 57 0.018
A3 127 55 31 -19.7 37.5 0.013

were increased 2.1 times, Chloroflexi levels 3.3 times, and Gemmati-
monadetes 3.6 times.

MP confirmed the dominance of Proteobacteria and Acidobacteria in
Auby (Fig. 1). However, variability was larger with that approach. For
instance, Bacteroidetes represented 15—32% of the reads in two sam-
ples, and only 1-3% in the two other samples. The situation was similar
for Actinobacteria (15% in one sample, 3-4% in the three other samples)
or Gemmatimonadetes (11-17% in two samples, 0.5-1% in the two
other samples). Verrucomicrobia were almost not represented with MP
(0.1-0.9% of the reads) but well represented with MT (2.9-5.4%) and
MG (2.4%).

3.5. Taxonomy at the class level

Analysis of the MT sequences at the class level (Fig. 2, Table S4) show
that the mean percentages of reads affiliated to Deltaproteobacteria was
significantly less abundant in the Auby soil when compared to the
control soil (1.5x; p < 0.05). In addition, several classes present in the
controls were not detected in Auby, such as Bacilli, Nitrososphaeria and
Entotheonellia. On the contrary, for three classes (Acidobacteriia,
Gemmatimonadetes and Chloroflexia), the mean percentages of reads
were significantly more elevated in the Auby soil when compared to the
control soil (Table S4). The most important increase was observed for
Acidobacteriia (7.1x).

At the class level, some results obtained by MT were confirmed by
MP. For instance, both methods identify Planctomycetacia as one of the
dominant bacterial class in Auby. However, large differences were
observed for the other groups. For instance, Gamma- and Deltaproteo-
bacteria classes were largely underrepresented by MP (<3.7% and
<0.6% respectively). And some classes were even not found by MP
(Bacteroidia, Subgroup_6, Verrucomicrobiae, Acidimicrobiia, Nitro-
sosphaeria, Phycisphaerae, Entotheonellia, BD7-11, Blastocatellia_-
Subgroup_4, and NC10).

3.6. Taxonomy at the order, family and genus levels

Analysis of the MT sequences at the order level (Table S5) showed
that the mean percentages of reads affiliated to Myxococcales, Rhizo-
biales, Chthoniobacterales, Micrococcales, Cytophagales, Pirellulales,
and Rhodobacterales were significantly less abundant in the Auby soil
when compared to the control soil (p < 0.05). On the contrary, for the
orders Chitinophagales, Solibacterales and Gemmatimonadales, the
mean percentages of reads were significantly more elevated in the Auby
soil when compared to the control soil. The most important increases
were observed for the orders Solibacterales (6.4x) and Gemmatimona-
dales (4.5x).

At the family level (Table S6), the mean percentages of MT reads
affiliated to Pirellulaceae, Rhodobacteraceae, Xiphinematobacteraceae,
Beijerinckiaceae and Rhizobiaceae were significantly less abundant in
the Auby soil when compared to the control soil (p < 0.05). On the
contrary, for the orders Chitinophagaceae, Solibacteraceae_Subgroup_3
and Gemmatimonadaceae the mean percentages of reads were signifi-
cantly more elevated in the Auby soil when compared to the control soil.
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Fig. 1. Results of metatranscriptomics (controls, U1-U3; Auby soil, A1-3), metagenomics (MG Auby) and metaproteomics (MP Auby 1-4) at the phylum level.

The most important increase was observed for the family Solibacter-
aceae_(Subgroup_3) (6.4x).

Finally, 55-97 bacterial genera could be identified by MT analysis in
both sites (N(id) in Table 2). However, genera with an abundance > 1%
were less numerous (5-10 in the controls, 9-13 in the Auby soil)
(Table S7). The mean percentages of reads affiliated to Candidatus_Xi-
phinematobacter, Microvirga, Iamia, Skermanella and OM27_clade were
significantly less abundant in the Auby soil when compared to the
control soil (p < 0.05). On the contrary, for the genus Candidatus_Soli-
bacter, Bryobacter, Aridibacter, Rhodomicrobium and Niastella the mean
percentages of reads were significantly more elevated in the Auby soil
when compared to the control soil. The most important increases in the
Auby soil were observed for the genera Rhodomicrobium (9.8x), Candi-
datus_Solibacter (7.7x) and Niastella (8x).

The findings of the MT approach at various taxonomic levels are
summarized in Table 3. This table shows that reads belonging to three
bacterial phyla were significantly enriched in the metal-contaminated
Auby soil (Acidobacteria, Chloroflexi and Gemmatimonadetes) and
that several of their subgroups (at the class, order, family or genus
levels) were also significantly enriched in comparison to the control soil.

Of the bacterial genera identified by MT, only 8 were retrieved by
MP. Their relative abundances are given in Fig. 3. MP analysis suggested
that the genus Bradyrhizobium (Alphaproteobacteria) is an important
member of the community in Auby (2.3-4.4% of the proteins), however
it only represented 0-1.4% of the MT reads. On the contrary, MT anal-
ysis suggested that the genera Candidatus_Solibacter, Rhodomicrobium
and Niastella are important members of the community in Auby
(1.6-3.6%, 1.5-1.8%, 1.0-1.6% of the MT reads, respectively), however
they only represented 0.0-0.5% of the identified proteins in Auby.

3.7. Functional profile

For the MG and MP approaches (only in the Auby soil), a shotgun
strategy was used and it was therefore possible to analyze the functional
profile of the community. For shotgun MG, 13.7 10° of protein features
were identified by MG-RAST and could be classified in the 28 functional
SEED categories at level-1 (Fig. S1). The carbohydrates SEED category
(13.2%, with 1,240,941 reads) was the most represented and the
photosynthesis category (0.1%) was the least frequent.

For MP, only 1790 proteins were identified and therefore some SEED
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Fig. 2. Results of metatranscriptomics (controls, U1-U3; Auby soil, A1-3), metagenomics (MG Auby) and metaproteomics (MP Auby 1-4) at the class level.

Table 3
Summary of the MT approach. Taxa in bold were significantly enriched in the metal-contaminated Auby soil.
Phylum Class Order Family Genus
Acidobacteria Acidobacteriia Solibacterales Solibacteraceae_(Subgroup_3) Candidatus_Solibacter
Bryobacter
Blastocatellia_(Subgroup_4) Blastocatellales Blastocatellaceae Aridibacter
Chloroflexi Chloroflexia
Gemmatimonadetes Gemmatimonadetes Gemmatimonadales Gemmatimonadaceae
Bacteroidetes Bacteroidia Chitinophagales Chitinophagaceae Niastella
Proteobacteria Alphaproteobacteria Rhizobiales Rhodomicrobiaceae Rhodomicrobium

categories were not represented. Only 10 proteins had a relative abun-
dance above 1% (Fig. 4). The dominant protein identified was a 60 kDa
chaperonin protein (7.6-7.8%). We then find an ABC transporter (ca.
2.6%), the elongation factor Tu (1.9%), the beta subunit of the ATP
synthase and an outer membrane protein of the SusC/RagA family. The
complete list of proteins in each replicate sample is given in Supple-
mentary File SF1 (using DB3).

3.7.1. Metal resistance

For the MG-RAST analysis, the "Resistance to antibiotics and toxic
compounds" SEED category featured most of the MG reads involved in
metal resistance (327,010 reads). In that group we find (Table S8):
Cobalt-zinc-cadmium resistance (101,302 reads), Copper homeostasis
(35,859 reads), Zinc resistance (14,807 reads), Arsenic resistance (8126
reads), and Resistance to chromium compounds (3711 reads).

According to MG-RAST, the most abundant genes in the Cobalt-zinc-
cadmium_resistance category (101,302 reads) were tripartite RND efflux
transporters (more than 80,000 reads), with inner membrane RND

pumps (such as czcA or cusA), membrane fusion proteins (such as czcB or
cusB), and outer membrane proteins (such as czcC and cusC). Cation
diffusion facilitators (czcD) were also found but the number of reads was
low (6770 reads), and it was the same for ATPase transporters (1002
reads for a Cd-transporting ATPase) (Table S9).

The two most abundant gene categories in the the Copper_homeo-
stasis group (35,859 reads) were Cu-translocating P-type ATPases
(17,667 reads) and multicopper oxidases (11,108 reads). We also find
other genes, with low number of reads, such as copG (1070 reads), copB
(901 reads), and copD (768 reads) (Table S10). Finally, the Zinc_resist-
ance category (14,807 reads) featured the elements of a two-component
system for Zn detection (a gene for a sensor protein with 1252 reads, and
a gene for a response regulator with 13,555 reads).

For the MG-RAST-independent analysis a more stringent protocol
was used (homologies with >80% or >90% identities to the BacMet
database were retained, with an Evalue < 1.00e-05). This analysis
showed that the most abundant resistance systems for Cd, Zn and Pb (the
dominant metals in Auby) were P-type ATPases (Table 4). For instance,
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Fig. 4. Results of MP in Auby. Identified proteins (mean relative abundance > 1%) in the four soil samples using databases DB1 and DB3. The relative abundance of

proteins was expressed as mean values of four replicates.

over the 875 sequences that had a significant homology with the BacMet
database (id>90%), 80 sequences were identified as the P-type ATPase
czcP (i.e., 9.1%). The situation was similar for Cu and Ag, with P-type
ATPases representing the dominant systems.

For proteins involved in metal resistance (MP analysis), when DB1

was used only a tellurite resistance protein (TerB) was found in one of
the four replicate samples (with 2 peptides), and a CusA/CzcA family
heavy metal efflux RND transporter in another replicate sample (with
one peptide). Using DB2, a total of 15 metal-resistance proteins were
found, but not in every replicate sample (Table 5). This illustrates the
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Table 4

MG-RAST independent analysis with the BacMet database. Nb Id> 90%, number
of reads identified in the database by DIAMOND with an identity > 90% and an
Evalue of 1.00e-05. Nb Id> 80%, number of reads identified in the database by
DIAMOND with an identity > 80% and an Evalue of 1.00e-05.

Metal Gene Nb % Nb %
Id> 90% Id> 80%
Cd/ actR (regulator) 31 3.5 82 0.7
Zn
czcA (RND efflux) 8 0.9 195 1.6
czcP (P-type ATPase) 80 9.1 883 7.2
czrA (RND efflux) 11 1.3 251 2.1
nccA (RND efflux) 10 1.1 107 0.9
Pb pbrA (P-type ATPase) 32 3.7 344 2.8
pbrT (uptake) 9 1.0 16 0.1
Cu actP (P-type ATPase) 27 3.1 725 5.9
copA (P-type ATPase) 25 2.9 708 5.8
copA (Multi-Cu 24 2.7 124 1.0
oxidase)
copB (Cu sequestration) 30 3.4 143 1.2
copF (P-type ATPase) 29 3.3 285 2.3
pcoA (Multi-Cu 23 2.6 187 1.5
oxidase)
cusA (RND efflux) 7 0.8 233 1.9
Ag silP (P-type ATPase) 10 1.1 283 2.3
silA (RND efflux) 8 0.9 137 1.1
Co/Ni  cnrA (RND efflux) 12 1.4 232 1.9
Hg merA (reductase) 47 5.4 272 2.2
Cr chrA (chromate efflux) 3 0.3 189 1.5
As arsM 17 1.9 361 3.0
(methyltransferase)
SUM 320 36.5 4501 36.8
TOTAL 875 100.0 12216 100.0
Table 5

Proteins associated with metal resistance identified in the four soil samples by
MP using protein database 2 (DB2). All of the proteins were identified with one
peptide.

Protein name Taxonomy Sample
Arsenate reductase Bradyrhizobiaceae, Enterococcus S2, 83
Arsenical pump-driving Planctomycetes S3
ATPase
Cation diffusion facilitator Sphingobacterium S3
family transporter
Cation efflux system protein Alteromonas S3
CusA
Cobalt-zinc-cadmium Solirubrobacteraceae S3
resistance protein
Cobalt-zinc-cadmium Chitinophagia S2
resistance protein CzcA
Copper chaperone Candidimonas S2
Copper chaperone CopZ Ekhidna S3
Copper resistance protein Rhodanobacter S3
CopB
Copper-exporting P-type Ruminococcus S1
ATPase
Mercuric reductase Nostocaceae, Filimonas S1, S3
MerR family transcriptional Streptomyces, Pseudonocardiaceae, S1, S2,
regulator Nocardiopsis, Micromonospora, S3, 54
Paenibacillus, Amycolatopsis,
Lachnospiraceae, Clostridium,
Azospirillum, Knoellia
Multicopper oxidase domain-  Methylococcaceae S1
containing protein
Periplasmic heavy metal Deltaproteobacteria S3
sensor
Probable Co/Zn/Cd efflux Agarivorans S3

system membrane fusion
protein

importance of the database in metaproteomics. Most of these proteins
were detected in sample 3 (S3), with one peptide and a wide taxonomic
distribution. As the abundance of these peptides was very low, it was not
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possible to judge on the most abundant metal resistance system at the
protein level (i.e., RND-based, multicopper-oxidase-based or P-type
ATPase-based).

When the combined database DB3 was used, only 6 proteins involved
in metal resistance were identified, but not in all the replicates and with
only one peptide (Table 6). Among these proteins we find an RND
transporter of the CusA/CzcA family, a metal translocating P-type
ATPase, two transcriptional regulators of the MerR and ArsR family, and
two tellurite resistance proteins.

3.7.2. Degradation of carbohydrates

An important soil function for an efficient carbon cycle is the
degradation of major polysaccharides such as cellulose, hemicellulose,
chitin, lignin and starch. According to MG-RAST, the most abundant MG
reads in the carbohydrate category (Table S11) were involved in the
central carbohydrate metabolism (376,756 reads), with genes of the
glycolysis, Entner-Doudoroff pathway, or the Krebs cycle. Although
these genes are not directly involved in the degradation of poly-
saccharides, a total of 15,973 reads were classified in the chitin and N-
acetylglucosamine utilization category (Table S12). For cellulose, 7405
reads were p-glucosidases, meaning that this polymer might also be
degraded in the soil. In the monosaccharides category, the most abun-
dant reads were L-rhamnose (32,035 reads), D-galacturonate/D-glu-
curonate (26,336 reads), and xylose utilization genes (21,336 reads),
meaning that hemicellulose might be degraded. A total of 26,724 reads
belonged to the glycogen metabolism category, with glycogen-
branching and debranching enzymes, particularly of archaeal type
(TIGR01561; 3945 reads). In the cellulosome category, most of the reads
were identified as SusC, an outer membrane protein involved in starch
binding (2790 reads) and SusD, an outer membrane protein involved in
starch degradation was also detected (685 reads).

At the protein level (shotgun MP) the proteins involved in starch
binding and degradation were confirmed: SusC (10-29 peptides;
1.1-2.3%) and Sus D (17-24 peptides; 1.3-1.9%) were found in 3 of the
4 replicates with DB1. Sugar ABC transporters were also found (14-22
peptides, 1.8%) in all replicates with DB1. Finally, one chitinase was
found in one replicate sample but with one peptide (DB1).

4. Discussion
4.1. Metals, diversity and structure of the community

Total levels of Zn, Cd and Pb of the soil in the P é ru Parc were in the
range of what was observed for other calaminiferous soils. Metal levels
were ca. 4 times less elevated than those observed in a wood located
250 m in the south (Bert et al., 2000). Metal levels were also less
elevated than in the previously reported calaminiferous soils (Orlowska
et al., 2002; Epelde et al., 2010; Olenska et al., 2020). However, metal
concentrations of the P é ru Parc were much more elevated than those
observed in a calaminiferous soil in Poland (6-16x for Zn, 18x for Cd,
1-8x for Pb; Gotebiewski et al., 2014).

Our results suggest that high metal levels have an impact on the

Table 6

Proteins involved in metal resistance identified by metaproteomics using the
combined protein database (DB3) (S: sample number). All proteins were found
with only one peptide.

Protein name Taxonomy Sample
source
MerR family transcriptional regulator Nocardia S1
Tellurite resistance protein Flavisolibacter S1
Tellurite resistance protein TerB Flavisolibacter S1
ArsR family transcriptional regulator Betaproteobacteria  S2
CusA/CzcA family heavy metal efflux RND Micrococcaceae S2, S3
transporter
Heavy metal translocating P-type ATPase Proteobacteria S3
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diversity of the active members of the bacterial community (i.e., species
visualized with the MT approach) as shown by the diversity indexes that
were all significantly reduced in Auby (e.g., by a factor 3 for Chaol, and
a factor 2 for Simpson), when compared to a control soil. This is not
surprising as other studies have shown that metals may significantly
impact bacterial diversity, even after long periods of metal exposure
(Gans et al., 2005; Sheik et al., 2012; Singh et al., 2014; Abdu et al.,
2017; Gillan and Van Houdt, 2019). It must be noted here that most of
these previous studies focused on total DNA extracts and were not
focused on active bacterial populations.

At the taxonomical point of view, and at the genus level, it must first
be emphasized that most of the active bacterial genera could not be
identified (Ca. 57% of the MT reads in Auby, and 36-77% of the MP
reads). Such a situation may be explained by the well-known biases and
limitations of the MP and MT approaches, particularly during identifi-
cation of the reads by comparison to gene databases (e.g., Werner et al.,
2019, Salvato et al., 2021, Dubey et al., 2020, Shakya et al., 2019).
Although the "black box" of active bacteria in the calaminiferous soil is
still important, we will below combine results from MT and MP as both
methods have the potential to detect active members in a microbial
community (we will focus on bacterial genera with an abundance >1%
and that were significantly enriched in Auby).

Among the active members of the Auby soil we first find Acid-
obacteria and the genus Candidatus Solibacter (subgroup 3 of the Barns
classification), with levels increased 7.7 times in comparison to the
controls (2.6% in Auby, MT analysis). Acidobacteria are mainly aerobic
heterotrophs that have been very difficult to isolate and culture in the
laboratory (Ward et al., 2009). For Candidatus_Solibacter, genomic and
culture traits have indicated the use of carbon sources that span simple
sugars to more complex substrates such as hemicellulose, cellulose, and
chitin (Ward et al., 2009). This bacterium is thus well equipped to
degrade organic matter in soils and might represent and important
community member for the carbon cycle of calaminiferous soils (Ward
et al., 2009; Challacombe et al., 2011). Candidatus Solibacter was also
found in a calaminiferous soil in Poland (Gotebiewski et al., 2014).
Acidobacteria are probably well equipped to deal with high metal levels
as they have been detected in many metal-contaminated environments,
such as uranium-contaminated subsurface sediments (Barns et al.,
2007), stream sediments (Vishnivetskaya et al., 2011), farmlands (Guo
et al., 2017; Hu et al., 2021), mines (Liu et al., 2022) and soils of Zn/Pb
smelters (Li et al., 2020). Bryobacter (subgroup 3; 3.5% in Auby) and
Aridibacter (subgroup 4; 0.8% in Auby) are two other acidobacterial
genera that were enriched in Auby. These bacteria are also aerobic
heterotrophs and able to use several sugars, a few amino acids, organic
acids and different complex protein substrates (Huber et al., 2017).

For Alphaproteobacteria, MT analysis identified the genus Rhodo-
microbium, a Gram-negative bacterium widely distributed in various
ecosystems, that form buds and long prosthecae of several micrometers
(Duchow and Douglas, 1949). For that reason, it was placed in the
Hyphomicrobiaceae. Various cell morphologies may be produced during
the cell cycle: multicellular arrays (cells linked by filaments), unat-
tached motile cells (swarmers) and nonmotile angular cells (exospores)
(Whittenbury and Dow, 1977). These bacteria are facultative photo-
trophs able to grow in anaerobic environments on a wide range of ar-
omatic hydrocarbons (Wright and Madigan, 1991; Ramana et al., 2013).
This is probably important for soils because a diverse array of aromatic
compounds is present, primarily as substances released from dead plant
material. However, the ability of the genus to grow in
metal-contaminated environments has never been reported and the
genus was not found in the previously investigated calaminiferous soils
(Epelde et al., 2010; Got¢biewski et al., 2014; Beattie et al., 2018;
Olenska et al., 2020).

MP analysis also indicated that three genera of Alphaproteobacteria
might represent important community members in Auby: Mesorhizobium
(8.0 + 4.0%), Bradyrhizobium (3.7 +1.5%), and Agzospirillum (1.4
+ 0.4%). These organisms are generally described as plant growth
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promoting bacteria (PGPB) that promote nitrogen fixation and therefore
may improve nitrogen availability to plants (Bai et al., 2003; Wani et al.,
2007; Bashan and de-Bashan, 2010). The finding of such organisms is
not surprising as the Auby soil is covered by metallophytes. Some Mes-
orhizobium species are even known to resist high levels of Cu, Zn, Cr and
Cd in soils and help plants to grow with metals (Wani et al., 2007; Vidal
et al., 2009; Hao et al., 2015). High abundances of Bradyrhizobium were
observed in mercury mines and calamine tailings featuring Zn, Pb, Cd
and Hg (Bianucci et al., 2011; Sujkowska-Rybkowska et al., 2020; Salmi
and Boulila, 2021). Additionally, the intracellular thiol glutathione pool
(GSH) in Bradyrhizobium may acts as a detoxifying agent and was
attributed to its Cd tolerance (Bianucci et al., 2011). We must note here
that the glutathione pool is also involved in tellurium resistance (see
below). Finally, high abundance of the alphaproteobacterium Azospir-
illum in soils contaminated with metals was also reported in previous
studies (e.g., Vezza et al., 2020).

Among the Betaproteobacteria, MP analysis suggested that the genus
Variovorax (2.4 £+ 0.6%) may represent an important community
member. Organisms in this genus are aerobic and chemoorganotrophic.
Variovorax species have diverse metabolic capabilities, including the
biodegradation of both biogenic compounds and anthropogenic con-
taminants. Interestingly, V. paradoxus is known to engages in mutually
beneficial interactions with both bacteria and plants and has been
classified in the plant growth-promoting rhizobacteria (Han et al.,
2011). Variovorax species are known to be resistant to various metals,
including Cd and Hg, and are known to oxidize arsenite to arsenate and
to use phenol as a single carbon and energy source (Hupert-Kocurek
et al., 2013).

In the phylum Bacteroidetes, MT analysis suggested that the genus
Niastella is an active member in the Auby soil. This genus belongs to the
family Chitinophagaceae (Zhang et al., 2010) and features heterotro-
phic, Gram-negative, strictly aerobic, and form long filamentous rods
(up to 15 um) that may be found in soils (Kim et al., 2015). The ability of
the genus to grow in metal-contaminated environments has never been
reported and the genus was not found in the previously investigated
calaminiferous soils.

Finally, we have the phylum Actinobacteria mostly represented in
Auby by the genus Nocardioides found by MP analysis (1.0-6.2% of the
MP reads). It is a Gram-positive aerobic soil bacterium that develops a
mycelium that fragments into irregular rod- to coccus-like elements
(Yoon and Park, 2006). The genus has been found in many
metal-contaminated soils (e.g., Liu et al., 2021, Siebielec et al., 2020,
Fang et al., 2019). These bacteria are aerobic heterotrophs able to use
many simple sugars but also able to degrade complex organic materials
like chitin. Nocardioides is known to be able to reduce As(V) in As(III)
using arsenate reductase. Members of the genus can tolerance high
levels of As(III), up to 5 mM, and high levels of As(V) up to 100 mM
(Bagade et al., 2016). Notably, Nocardioides was found associated to the
rhizosphere of Dahlia pinnata and Coreopsis grandiflora, two Cd hyper-
accumulators, together with other bacteria such as Gemmatimonas,
Bryobacter and Bradyrhizobium. All these bacteria probably facilitate Cd
tolerance and accumulation in the plant (Li et al., 2022a, 2022b). It is
therefore interesting to find it in Auby where it might be associated to
the rhizosphere of metallophytes. In the Actinobacteria, the genus
Gaiella was retrieved by both MT and MP analysis. This genus belongs to
the Gaiellales, a deep-branching actinobacterial lineage described in
2011 (Albuquerque et al., 2011) with two isolates recovered from a deep
mineral water aquifer in Portugal. These bacteria are aerobic and
assimilate carbohydrates, organic and amino acids. They play important
roles in nitrogen cycling by reducing nitrate to nitrite and are proposed
as potential sulfadiazine degraders in agricultural soils (Albuquerque
et al., 2011; Chen et al., 2019). This genus was not previously found in
calaminiferous soils.



D.C. Gillan et al.
4.2. Functional profiling

Although MP identified few proteins involved in the carbon cycle,
the MG-RAST approach detected many genes that might be used to
degrade various types of organic materials, among which chitin, N-
acetylglucosamine, cellulose and glycogen. This suggests that the
important carbon cycle functions of the heterotrophic community are
maintained in the contaminated soil. As for uncontaminated soils, plant
and animal debris are probably decomposed efficiently, although the
activity of the various enzymes must still be determined. The idea of a
relatively unimpaired heterotrophic activity is also supported by the
abundance of genes of the central carbohydrate metabolism (i.e.
glycolysis and Krebs cycle). In aerobic conditions the Krebs cycle en-
zymes are expected to be dominant, contrary to the glycolysis genes that
would dominate under anaerobic conditions (Dijkstra et al., 2011).
Further studies are therefore needed in Auby to determine oxygen levels
but also the rate of organic matter mineralization that might be affected
by metals as shown in other studies (Berg et al., 1991; Gillan and Van
Houdt, 2019). Finally, this heterotrophic activity is made possible using
several metal-resistance systems. On this point, our MG approach,
particularly the MG-RAST independent analysis, concluded that P-type
ATPases represented the dominant metal-resistance systems, at least for
the major metals in Auby (Cd, Zn and Pb). The activity of such efflux
pumps probably consumes a lot of ATP, and this might explain the
abundance of genes involved in the central carbohydrate metabolism.

Few metal-resistance proteins were found by MP. The proteins
identified by our MP approach, using DB1 and the combined database
(DB3), are mainly housekeeping proteins used for the maintenance of
homeostasis and that can be found in nearly all bacteria (Fajardo et al.,
2019). These proteins were also found in seawater by another MP
analysis (Géron et al., 2019). A 60 kDa chaperonin was the most
abundant protein in all our soil samples. The detection of such a chap-
eronin may suggest that protein refolding processes are important in the
investigated soil, where some proteins may be damaged by the exposure
to excessive levels of metals (Sowell et al., 2009). The next dominant
proteins were substrate-binding transporters which belong to the ABC
superfamily. ABC transporters play a key role in the import of essential
nutrients such as sugars and amino acids but also the import of toxic
molecules. Some bacterial ABC transporters are also involved in the
regulation of several physiological processes (Sowell et al., 2009;
Fajardo et al., 2019). Microbial ABC transporters have been reported to
improve the tolerance of plants to metals through uptake, chelation,
translocation and sequestration of metals (Singh et al., 2016).

Although metal-resistance proteins were not detected in every
replicate sample, RND transporters of the CusA/CzcA family as well as
efflux proteins of the P-type ATPase group were found. Efflux is thus the
major mechanism of metal resistance in the soil community of the
calaminiferous soil in Auby, as found in other studies (Gillan, 2016; Jia
etal., 2013; Roosa et al., 2014; Gillan et al., 2015; Kaci et al., 2014; Chen
et al., 2015). According to the soil type and levels of metals, a pre-
dominance of RND efflux proteins is found is some studies while a
predominance of P-type ATPases is found in other studies (Gillan, 2016).

Surprisingly we also detected tellurite resistance proteins as abun-
dant proteins in the Auby soil, suggesting a contamination by tellurium.
This may be explained by the presence of the industrial zone and the fact
that tellurium is a known additive of lead alloys (Guo et al., 2009). The
tellurium oxyanion, tellurite (TeO%"), is extremely toxic to most living
organisms. Its toxicity has been mainly related to the generation of
reactive oxygen species (ROS) as well as to an unbalancing of the thiol:
redox buffering system (Arenas et al., 2014). The reduced cellular thiol
pool, especially that of glutathione (GSH), is an important tellurite
target. This pool is oxidized in the presence of the toxicant (Turner et al.,
1999, 2001) and this process is accompanied by the generation of su-
peroxide that may damage the cell. As we did not detect any proteins
involved in the fight against ROS we can assume that the tellurite
resistance proteins are efficient. Previous studies have shown that some
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bacteria were able to live at high tellurite concentrations. One mecha-
nism of resistance is the enzymatic and non-enzymatic reduction of
tellurite to the less toxic elemental tellurium. This reduction may pro-
duce nano- to micrometric tellurium crystals that display different
shapes and sizes (Arenas et al., 2014). Tellurite resistance genes were
frequently found to be grouped in a large cluster of genes (terZABCDEF)
referred to as the ter determinant (Walter and Taylor, 1992; Whelan
et al., 1995). Although the ter operon is widely distributed in
gram-negative bacteria (Nguyen et al., 2021) ter genes were not found
with our MG approach.

5. Conclusions

On the taxonomic point of view, the present study is another example
of the fact that studying complex soil communities by only one ’omics
approach such as shotgun MG is highly misleading. For instance, Mes-
orhizobium was not found to be an important community member in
Auby by shotgun MG although the organism was the first in the list of
identified organisms by shotgun MP. A second important point is that
half of our peptides (ca. 50%) could not be identified, probably because
many microorganisms are still not isolated or studied in pure culture and
are therefore absent from the genomic databases. We may conclude from
these two points that most of the microbial communities in soils are still
far from being known in terms of taxonomic composition, particularly
for metal-contaminated soils.

On the functional point of view, we may conclude that the microbial
communities of the calaminiferous soil investigated are well adapted to
their metal-enriched environment. Many of them are slow growers like
Acidobacteria and may therefore participate in the carbon cycle despite
the large Cd and Zn levels. Using their membrane efflux systems, mainly
HME-RND and P-type ATPase pumps, these microorganisms are prob-
ably able to maintain important ecological functions. This is demon-
strated by the abundance of peptides from the Alphaproteobacteria
Mesorhizobium and Bradyrhizobium, two genera that are free-living but
that can also establish a Np-fixing symbiosis on some plant roots.
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