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Abstract: Metals and mineral flotation collector’s toxicity to the soil living system greatly compromise
the sustainability of mining and ore processing. Their effects on the soil microbial community,
the most active soil component, remain less understood and addressed particularly with regards to
xanthates and their combination with metals. This study analyzed the interactive effects of Ni and
xanthates, potassium ethyl xanthate and sodium isopropyl xanthate, on the soil bacterial community
through an efficient molecular biology-based technique, the Miseq (Illumina). Both soil microbial
community diversity and structure were more affected by xanthates than by Ni. The five most
dominant phyla, representing 96.31% of the whole bacterial community, comprised Proteobacteria
(54.16%), Firmicutes (17.51%), Actinobacteria (15.59%), Acidobacteria (4.87%), and Chloroflexi (4.16%).
Different soil treatments exhibited greater difference in the species abundance/dominance than in the
species numbers. Proteobacteria was the most dominant in the presence of xanthates, individually or
in mixtures with nickel, while Firmicutes exhibited its highest proportion in the Ni/xanthate-treated
samples. The most abundant and proportionally different bacterial species between different
treatments were presented. The most abundant bacterial strains identified should be explored more
for their potential application in biomining and for the prediction and biologically-based treatment
and remediation of Ni and xanthate-contaminated systems.
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1. Introduction

Wastes discharged from mining and ore processing contain various pollutants, including heavy
metals (e.g., nickel) and flotation reagents (e.g., xanthates). The associated soil contamination has
become of great ecological and health concern [1], compromising the sustainability of these activities.
Soil microorganisms could be the most affected organisms as they constitute the most active soil
component [2], which mediates about 80–90% of the various biochemical processes within the soil [2,3],
including soil formation and aggregation [3,4], soil decontamination, detoxification and restoration [1],
soil organic matter decomposition, soil nutrient cycling, etc. [5].

In addition to Ni mining and processing which are the main anthropogenic sources of Ni pollution,
Ni is released into the environment from various anthropogenic sources, including transportation,
oil combustion, and municipal and industrial wastes [6]. High Ni concentrations in the soil, more than
300 µg·g−1 soil [6–8], were reported in the soils from various sites, including rural areas of various
countries. This is well above the permissible limit (less than 50 µg·g−1 soil for agricultural and
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non-industrialized soil and less than 100 µg·g−1 soil for commercial and industrial lands) [9]. On the
other hand, the mining industry relies heavily on the use of flotation reagents to extract valuable
minerals from the rest of the gangue by flotation [10].

Xanthates (ROCS2
− Na+/K+) are man-made organic chemicals that not only have high mineral

selectivity, but are also cost-effective and are the compounds commonly used as sulfide minerals’
flotation collectors [11]. Sodium isopropyl xanthate (SIPX) and potassium ethyl xanthate (PEX) are
the most frequently used for Ni flotation and recovery. Of the input reagents’ quantity, 10 g to more
than 400 g/ton ore [10], only half is effectively consumed during the flotation [11]. The remaining part
and the unrecovered metals are discharged into the environment, with no treatment in general [12].
In addition, the reported increase in Ni demand [6] and the gradual depletion of high-grade ore reserves
leads to the exploitation of complex and low-grade ore [13]. This results in an increased amount of ore
processed and xanthates consumed, by 2–3% per year [12], leading to higher Ni and xanthates released
into the environment. Xanthates are also released into the environment from their use in the agriculture
sector (e.g., pesticides), rubber sector (i.e., vulcanizing agents), and in metallurgy, etc., and can reach
the soil from their manufacturing, transportation (e.g., accidental spills), and improper disposal [14].
Both Ni and xanthates are also spread into the environment from mine tailings [15], the main mining
waste dumping sites, from which they are dispersed to surface and ground waters by leaching and
infiltration and can also reach long distances by wind, run-off and erosion, plant uptake [1], and transfer
via the food web [16].

Toxicologically, Ni was reported as an allergenic and carcinogenic metal that can damage various
tissues, organs, and systems in humans [17–20]. Excessive soil Ni concentration also has deleterious
effects on plants [8,21]. Regarding xanthates, human and animal exposure leads to multisided effects
(e.g., oral and dermal acute toxicity, damage of the eye, liver, kidneys, spleen, and respiratory and
nervous systems [14]. Xanthates were reported as tremendously toxic to aquatic organisms, with a
high sensitivity to less than 1 mg/L [22].

To survive under the above described adverse conditions, some microbes have developed tolerance
and resistance abilities. The identification and application of such specific microbial strains could serve
for the remediation of Ni and xanthate-associated pollution. However, Ni [23] and more particularly
xanthate- related studies [14] are still scarce. Moreover, pollution and health risk assessment studies
have mostly focused on single substances while the exposure to multiple chemical agents can result in
either additive actions, synergistic interactions or antagonistic interactions [24]. Metals, being most
toxic in their free ionic forms (e.g., Ni2+), also combine with xanthates, the interaction between Ni
and xanthates becoming toxicologically relevant. Exposure to structurally and ecologically different
chemicals is of great technological and pharmaceutical interest [25,26]. Analyzing the response of
soil microorganisms to metals and flotation reagents, individually and as mixtures, can serve for a
greater understanding of the associated pollution impacts and for their prediction and management.
The majority of studies have focused on the application of different traditional techniques at the
community level [27,28] which cannot provide enough information on the spectrum of taxa in the
exposed microbial community [28]. Previous to the present study, a microcalorimetric-based analysis
was conducted to analyze the individual and interactive effect chemicals used here on the soil microbial
activity [29]. The obtained results have raised great scientific interest. However, the limitation of
the study was the lack of information on which microbes are the most affected and those that are
less sensitive or adapted to the applied pollutants and are, thus, most responsible for the observed
activity level. The analyses based on the molecular biology approach used here are the best way to
overcome this limitation [30]. The sequencing and analysis of the 16S ribosomal RNA (rRNA) genes in
prokaryotes is one of the most useful advanced techniques for the characterization of the bacterial
community [31,32].

Two main hypotheses led to conducting the present study. Firstly, the affinity between metals and
their respective flotation collectors can affect the bioavailability of both chemicals and their interaction
with the exposed organisms. Secondly, different soil microbial strains may variably respond to Ni
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and xanthates, individually and in the mixtures. Accordingly, this study analyzed the toxicity of
single and combined Ni (NiCl2·6H2O) and xanthates, SIPX (C3H7OCS2Na) and PEX (C2H5OCS2K),
on the bacterial community diversity and structure. The analysis included direct soil DNA extraction,
16S rRNA amplification, Illumina high-throughput sequencing, and related data analysis. The study
has a two-fold advantage: (1) To provide basic information on the effect of the studied chemicals on
soil bacterial community and (2) to give an insight of the sensitivity of different soil bacterial species to
the studied chemicals that will enable better identification and analysis of the resistance capability of
specific bacterial strains.

2. Material and Methods

2.1. Sample Preparation

The study was conducted on duplicated soil samples collected from Beijing (39◦59′ N, 116◦21′ E)
in July 2017. The uppermost surface soil layer was removed and soil samples were obtained from the
5–15 cm soil layer, the most heavily populated soil section by microorganisms [33]. Large particles,
such as plant roots and plant debris, grit, and earthworms, were removed and then soils were placed
in sterile polyethylene bags and transported to the laboratory. They were then air-dried at room
temperature, homogenized, sieved (2 mm mesh), and kept at 4 ◦C before use. A pH meter (Beckmanu
690) was used to determine the pH of the soil. The measurement of the soil organic matter (OM) was
processed through an outer heating method by potassium dichromate oxidation based on GB7857-87
(2002). The nitrogen (N) content was evaluated by element analyzer (VARIO EL3, Germany). Potassium
(K) content and soluble phosphate (P) content were determined by extracting a percolated fraction of
5.0 g of soil with 50.0 mL solution comprised of 0.2 mol·L−1 ethanoic acid (CH3COOH), 0.25 mol·L−1

ammonium nitrate (NH4NO3), 0.015 mol·L−1 ammonium fluoride (NH4F), 0.013 mol·L−1 (HNO3),
and 0.001 mol·L−1 ethylene diamine tetraacetic acid (EDTA), pH = 2.5). Flame photometry and
photometry allowed determining the K and P, respectively. The following were the obtained values:
soil pH 7.28; 17.21g OM·kg−1 soil, 75.8 mg N·kg−1 soil, 78.1 mg P·kg−1 soil, and 145.3 mg K·kg−1 soil.

Xanthates, PEX and SIPX, were obtained in solid and analytical grade from the Beijing General
Research Institute of Mining and Metallurgy (Beijing, China). Distilled water was used to make
chemical stock solutions. As done in previous studies [29,34–36], each sample was supplemented
with a 200 mL nutrient solution made of glucose (500 mg) and ammonium sulfate (500 mg) in a 1:1
proportion. The latter has demonstrated its efficacy in providing nitrogen and sulfur that are needed
for the amino acids’ microbial synthesis and in stimulating microbial growth and activity [37,38].
At the same time, except for the control sample which consisted of a non-amended sample, the soil
samples were spiked with either a single dose of Ni (300 µg·g−1 soil), SIPX and PEX (50 and 100 µg·g−1

soil), or a mixture dose of Ni (300 µg·g−1 soil) and xanthates (50 or 100 µg·g−1 soil) (Table 1). Prior to
DNA extraction, soil samples were incubated for a period time of six days at 36 ◦C.

Table 1. Pollutant concentration for each treatment.

Control
Sample

Single Chemical Treatments Mixed-Chemical Treatments (Ni + Xanthates)

Ni + PEX Ni + SIPX

Samples Code CS Ni PEXa PEXb SIPXa SIPXb M1a M1b M2a M2b

Dose (µg·g−1 soil) 0 300 50 100 50 100 300 + 50 300 + 100 300 + 50 300 + 100

CS = Control sample; Ni = Nickel; PEX = potassium ethyl xanthate; SIPX = sodium isopropyl xanthate; M = Mixture
(M1a = Ni + PEXa, M1b = Ni + PEXb, M2a = Ni + SIPXa, and M2b = Ni + SIPXb).

2.2. DNA Extraction and PCR Amplification

Soil DNA extraction and PCR amplification were performed as recently processed [39,40]. Total soil
DNA was successfully extracted using the E.Z.N.A.® Soil DNA Kit (Omega Bio-Tek, Norcross, GA, USA)
and protocol. The concentration and purification of the final DNA were assessed spectrophotometrically
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using a NanoDrop 2000 UV–VIS spectrophotometer (Thermo Scientific, Wilmington, NC, USA)
following the instructions of the Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China) and
as recently done in other similar studies [40–42]. The agarose gel (1%) electrophoresis was used
to determine the quality of DNA extracts. Further, polymerase chain reaction (PCR) amplification
of the V3-V4 hypervariable regions of the 16S ribosomal ribonucleic acid (16S rRNA) genes was
performed using a GeneAmp 9700 thermocycler PCR system (Applied Biosystems, 850 Lincoln Centre
Drive, Foster City, CA 94404, USA) with primers 338F (5′-ACTCCTACGGGAGGCAGCAG-3′) and
806R (5′-GGACTACHVGGGTWTCTAAT-3′). 5–7 bp barcodes were added during the process. Then,
adapters were added to the amplification products by deoxyribonucleic acid ligase following the
protocol from Illumina (San Diego, CA, USA). The amplification was processed as follows: (1) an
initial denaturation at 95 ◦C (3 min) followed by a final denaturation by 27 cycles at 95 ◦C (30 s);
(2) annealing at 55 ◦C (30 s); (3) elongation at 72 ◦C (45 s), and (4) final extension at 72 ◦C (10 min) [43].
Negative controls without DNA were run in all amplifications. Reactions were conducted in a triplicate
20 µL mixture made of 4 µL of 5 × FastPfu Buffer, 2 µL of 2.5 mM deoxyribonucleoside triphosphate
(dNTPs), 0.8 µL of each primer (5 µM), 0.4 µL of FastPfu Polymerase, and 10 ng of template DNA [44].
PCR products were extracted from a 2% agarose gel then purified using the AxyPrep DNA Gel
Extraction Kit (Axygen Biosciences, Union City, CA, USA), followed by quantification using the
QuantiFluor™-ST (Promega, Madison, WI, USA), as recommended by the manufacturer [40].

2.3. Illumina Sequencing and Data Processing

The purified amplicons were effectively pooled in equimolar ratio to build the sequencing library
and paired-end sequenced (2 × 300) on a MiSeq (Illumina) platform, following the standard protocol of
Majorbio Bio-Pharm Technology Co. Ltd. (Shanghai, China) [40]. The raw reads were deposited into
the NCBI Sequence Read Archive (SRA) database (accession number: PRJNA514197).

After being demultiplexed, raw fastq files were quality-filtered by trimmomatic and were merged
by fast length adjustment of short reads, FLASH, as follows: (1) reads were all truncated at sites with
an average quality score of 20 or less over a 50 bp sliding window; (2) primers were matched for
nucleotides mismatching, and all reads with ambiguous bases were detached; (3) sequences with more
than 10 bp overlap were merged based on the overlap sequence. Operational taxonomic units (OTUs)
(sequences that have 97% similarity) were clustered with 3% dissimilarity cut-off using the UPARSE
algorithm (version 7.1) [28]. To obtain high-quality OTU sequences [45], all chimeric sequences
were detected and removed using UCHIME [44]. As it was done for the DNA extraction and PCR
amplification, the gene sequencing and data processing were performed with the technical assistance
of the laboratory team of the Majorbio Bio-Pharm Technology Co. Ltd.

As previously done in other similar studies [39,40], data analysis was performed using the i-Sanger
platform (http://www.i-sanger.com/) of the Majorbio Bio-PharmTechnology Co. Ltd. (Shanghai,
China) and using the rarefied data. The microbial community alpha diversity was estimated
through the following different indices, calculated by the Mothur program (version v.1.30.1 [46].
The community richness was evaluated using Chao1 and Ace estimators. Shannon diversity index
and the abundance-based coverage estimator (refers to the coverage rate of each sample library) were
calculated to estimate the community diversity [28]. Venn diagram analysis, using R language tools
statistics and mapping [47] allowed evaluating the similarities and differences between samples based
on the number of shared and unique OTUs [40]. To obtain the species classification information
corresponding to each OTU sequence, the taxonomic analysis was performed using the Ribosomal
Database Project (RDP) Classifier Bayesian algorithm [48] against the Silva (SSU128) 16S rRNA database
at a confidence threshold of 70% [49]. Bacterial community composition and species abundance analysis
at different taxonomic levels (e.g., phylum, class, family, genus, and species) and principal coordinate
analysis (PCoA) was performed based on the Bray–Curtis distance algorithm. A comparison between
samples was made based on the relative taxa or species abundance/dominance. For the statistical
analysis, samples treated with the same dose of xanthates were grouped together (no remarkable

http://www.i-sanger.com/
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difference was observed between the same dose of PEX and SIPX). This made four replicates for
each category of the compared treatments (single xanthate-treated samples and their corresponding
Ni/xanthate-treated samples). The xanthate-treated samples were compared to their corresponding
mixture treatments by grouping together the samples treated with the same dose of PEX and SIPX,
individually and in the mixtures. Student’s t-test, at a 95% significance level, was performed for this
comparison. The most proportionally different bacterial species between these two types of sample
treatments were presented.

3. Results and Discussion

3.1. Bacterial Community Richness and Diversity

Of the total number of 918,762 high-quality sequences, 682,554 16S rRNA effective gene sequence
reads were obtained across all samples (Table 2).

Table 2. Bacterial community alpha diversity indices and the t-test between xanthate-treated samples
and their corresponding mixtures-treated samples. See Table 1 for sample codes. Compared samples
exhibited more/significant differences (p ≤ 0.05) between indices in the case of a xanthate dose of
50 µg g−1 soil (Xa/Ma) than in the case of 100 µg·g−1 soil (Xb/Mb).

Alpha
diversity
indices

Estimators CS Ni PEXa PEXb SIPXa SIPXb M1a M1b M2a M2b

Shannon 5.78 5.44 5.10 4.33 4.91 4.75 3.70 3.97 2.99 4.81
Simpson 0.01 0.03 0.03 0.09 0.04 0.04 0.08 0.13 0.17 0.05

Ace 2089.66 2131.14 2073.38 1974.43 2069.53 2008.01 1936.84 2025.93 1876.27 2041.60
Chao1 2112.16 2151.69 2069.33 1980.78 2074.68 2015.50 1946.31 2027.02 1869.38 2064.57

Coverage 0.995 0.996 0.995 0.994 0.994 0.995 0.995 0.995 0.994 0.996
OTUs 1899 1997 1888 1727 1812 1789 1621 1787 1447 1892

Species 873 851 850 814 843 817 777 823 717 847

Xa/Ma Xb/Mb

t-test
between
indices

Estimators Ma-Mean Ma-Sd Xa-Mean Xa-Sd p-Value Mb-Mean Mb-Sd Xb-Mean Xb-Sd p-Value

Ace 1906.6 42.825 2071.5 2.7211 0.03223 2033.8 11.075 1991.2 23.742 0.1485
Chao 1907.8 54.402 2072 3.7884 0.05099 2045.8 26.55 1998.1 24.553 0.2034

Coverage 0.99479 0.0005 0.99499 0.0007 0.7837 0.9955 0.0006 0.99439 0.0005 0.1576
Shannon 3.3431 0.5042 5.0045 0.1302 0.04577 4.3906 0.5928 4.5402 0.3035 0.7808
Simpson 0.12532 0.0583 0.03323 0.0032 0.1554 0.0912 0.0515 0.0635 0.0338 0.5904

Sd = standard deviation.

The sequence length averaged at 443 bp, with 70.9% ranging between of 441–460 bp, the remaining
part (29.1%) ranging between 421 and 440 bp. The microbial community richness and diversity index
values, and the population size at different taxonomic level (phylum, family, genus, and species),
are presented in Table 2. All samples reached 98% of the coverage, demonstrating a high-sequence
detection level [40].

The above-mentioned microcalorimetrically-based analysis of the total microbial activity revealed
a higher inhibition rate of the microbial activity by xanthates than by nickel (e.g., IC50 (concentration
that can inhibit 50% of the microbial activity) of 438.69 µg·g−1, 225.76 µg·g−1, and 39.65 µg per gram
of soil for Ni, SIPX, and PEX, respectively [29]). In the present study, the control sample exhibited
the highest bacterial community diversity (Shannon index value equal to 5.78). The variations
observed in the bacterial diversity index values (Table 2) are in line with the rank-abundance curves
(Figure 1) which reflected lower bacterial community diversity in the Ni/xanthate-treated samples
than in their corresponding single chemicals. Ni exhibited the highest diversity index than all other
polluted samples. Thus, xanthates were more adverse than Ni. The following reasons could be
among those that can explain the observed higher microbial diversity in the nickel-polluted soil
than in the xanthate-polluted soil: (1) The natural occurrence and large distribution of Ni in the
environment, ranking 24th most abundant (twice as abundant as copper) in the lithosphere [8], and the
subsequent long evolution of the soil microbes in its presence could have led to their development
of structural and physiological adaptive mechanisms [50] to the stress induced by this non-organic
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element [51]. Ni-containing proteins were reported as a part of Ni homeostatic mechanisms within
the soil microorganisms [52]. In contrast, xanthates, which are man-made organic chemicals, were
firstly produced in the early 1900s. They are essentially used for mineral flotation from which they are
mainly released into the environment [10–12]. Therefore, microbial resistance mechanisms to xanthates
may still relatively lower than that for metals. (2) Ni is a micronutrient, essentially involved in the
metabolism of nitrogen, hydrogen, and other physiologically important elements. It is involved as a
component or cofactor of several metalloenzymes, including acireductone dioxygenase, Ni-superoxide
dismutase, methyl coenzyme M reductase, acetyl-CoA synthetase/decarboxylase, carbon monoxide
dehydrogenase, and urease [6,51,53]. However, above a certain concentration limit, metals become
deleterious, with different toxic mechanisms, including inhibiting cell division, enzyme activity and
transcription, denaturing proteins, disrupting the cell membrane [8,54], etc., which result in the
reduction of the diversity and size of a given exposed microbial population. Similarly, xanthates
may severely interact with the exposed organisms, resulting in their relatively high toxicity which is
perceived at both cellular and community level.Sustainability 2019, 11, x FOR PEER REVIEW 7 of 37 
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Figure 1. Rank abundance curves of bacterial communities under different soil treatments:
Control samples (CS), soil treated with 300µg Ni·g−1 (Ni), 50µg PEX g−1 (PEXa), 100 µg PEX g−1 (PEXb),
50 µg SIPX g−1 (SIPXa), 100 µg SIPX g−1 (SIPXb), and soil treated with binary mixtures of 300 µg Ni g−1

and 50 µg PEX g−1 (M1a), 100 µg PEX g−1 (M1b), 50 µg SIPX g−1 (M2a), and 100 µg SIPX g−1 (M2b).
In the horizontal direction, the abundance of the species is reflected by the width of the curve. The larger
the curve is on the horizontal axis, the higher the species abundance. The shape of the curve (smoothness)
reflects the uniformity of the species in the sample, the curve. The more gradual, the more uniform the
distribution of the species.



Sustainability 2019, 11, 3888 7 of 32

Exposure to a xanthate dose of 100 µg·g−1 soil was more harmful than the exposure to 50 µg·g−1

soil (e.g., the Shannon diversity index values equal 5.1 and 4.32, respectively for a xanthate dose of
50 and 100 µg·g−1 soil, respectively). In contrast, mixtures containing a xanthate dose of 100 µg·g−1

soil were the less adverse (e.g., 1621 OTUs and 1787 OTUs in case of 50 µg·g−1 and 100 µg·g−1 in
the mixture, respectively). As it was observed with the microcalorimetric analysis [29], these results
may suggest that increasing the concentration of xanthates in the soil can lead to higher toxic effects.
This is consistent with the recently observed dose-response relationship with regards to the inhibition
of the soil microbial activity by xanthates [29,36]. Conversely, the same increase in the xanthates’
concentration in the mixture with nickel does not necessarily lead to the magnification of the toxic
effect. This may be explained by the affinity and interaction between xanthates and metals that may
result in the formation of complex metal/xanthates with different interaction mechanisms from those
of the individual mixture components.

3.2. Similarity and Differences

From the Venn diagram analysis on the OTU level (Figure 2), samples are more similar (high number
of shared bacterial species) than they are unique. Both control samples and Ni-treated samples
shared more OTUs with xanthate treatments than with the Ni/xanthate treatments. For example,
the control sample shared 61% and 51.6% of the total OTUs number with xanthate-treated samples and
Ni/xanthate-treated samples, respectively. Similarly, Ni-treated samples shared 61.9% and 52.4% of the
total OTUs with the xanthates and mixture treatments. The high number of shared OTUs may indicate
the existence of a high number of bacterial species that can adapt to similar conditions [40] of Ni and
xanthate pollution.

The variations observed between samples are in line with the principal coordinate analysis (PCoA)
plot on the OTUs level (Figure 3A) that explained 68.80% of the observed variations. Based on the
PCoA plot on the OTUs level and the hierarchical clustering tree on the species level (Figure 3B),
samples can be grouped into four distinct categories: (1) control sample (C); (2) Ni-treated samples (Ni);
(3) xanthate-treated samples (PEXa, PEXb, SIPXa, and SIPXb); and (4) Ni/xanthate-treated samples
(M1a, M1b, M2a, and M2b).

3.3. Taxonomic Composition

Of the 31 phyla and 66 classes observed from all samples, eight phyla (Figure 4) and 13
classes (Table A1) reached a proportion of 1% of the total classified sequences in at least one
sample. The five most dominant phyla, representing 96.31% of the whole bacterial community,
were Proteobacteria (54.16%), Firmicutes (17.51%), Actinobacteria (15.59%), Acidobacteria (4.87%),
and Chloroflexi (4.16%). The remaining part comprised less abundant phyla, including Bacteroidetes
(0.93%), Gemmatimonadetes (0.81%), Nitrospirae (0.72%), Planctomycetes (0.30%), Verrucomicrobia
(0.25%), Tectomicrobia (0.16), and Saccharibacteria (0.109). Proteobacteria comprised four of the
13 most dominant classes, including Gammaproteobacteria (26.5%), Betaproteobacteria (15.97%),
Alphaproteobacteria (10.45%), and Deltaproteobacteria (1.25%) (Figure 4). From these results,
Gammaproteobacteria can be considered as the Proteobacteria class most abundant and adapted
to xanthates. This class was more abundant at a xanthate dose of 100 µg·g−1 soil than at a
xanthate dose of 50 µg·g−1 soil. As it is for Betaproteobacteria class, Gammaproteobacteria did
not show a significant difference between the xanthates doses and their mixed-chemicals doses.
The proportion of Proteobacteria in Ni-treated samples (15%) was lower than that recently observed in
arsenic-contaminated soil where it was the dominant phylum (29–38% abundant), Alphaproteobacteria
and Gammaproteobacteria being the most and least abundant classes [55].
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control sample and Mixed-chemicals (B), single Ni and xanthates (C), and single Ni and mixed-chemicals
(D). The control sample and Ni-treated samples shared less OTUs number with the mixture-treated
samples than with the single xanthate-treated samples. See Table 1 for sample codes.

The most abundant and proportionally different bacterial classes between the xanthate-treated
samples and their corresponding mixtures-treated samples were presented, both in the case of 50 µg·g−1

soil (Figure 5A) and in the case of 100 µg·g−1 soil (Figure 5B). The number of these classes was higher in
the case of a xanthate dose of 50 µg·g−1 soil (14 classes) than in the case of a xanthate dose of 100 µg·g−1

soil (five classes). Since the Ni amount was the same in both cases, the observed variations can be
attributed to the variation in the xanthate dose.
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and named as “others”. Sequences that could not be classified into any known phylum were labeled
“norank” or “unclassified”. See Table 1 for sample codes.
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With regard to the Firmicutes phylum, it comprised two of the 13 most dominant classes, 
Bacilli (17.24%) and Clostridia (0.28%). Its highest and lowest proportions in the amended samples 
were observed in Ni/xanthate-treated samples (18.85–40.72%) and in xanthate-treated samples (0.81–
5.5%), respectively. The Firmicutes phylum constitutes a rarely dominant group in the natural 
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Figure 5. Student’s t-test bar plot representing the most abundant and significantly different bacterial
classes between the xanthate-treated samples and their corresponding mixtures–treated samples.
Comparison was made between samples treated with a xanthate dose of 50 µg·g−1 (Xa) and the samples
treated with the mixtures containing the same xanthate dose, 50 µg·g−1 (Ma) (A) and between samples
treated with a xanthate dose of 100 µg·g−1 (Xb) and the samples treated with the mixtures containing
the same xanthate dose, 100 µg·g−1 (Mb) (B). Each category comprises four samples.

Most previous studies have reported Proteobacteria as one of the largest phyla within prokaryotes
and the leading bacterial community in the soil [40,44] and in the marine ecosystem [56]. It comprises
the majority of Gram-negative bacteria, morphologically, physiologically and metabolically largely
diversified [57,58], including phototrophs, heterotrophs, and chemolithotrophs, as well as numerous
pathogens for humans, animals, and plants [59]. Its dominance was reported in soil contaminated by
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polyaromatic hydrocarbons (PAHs) [60,61] and oil [59]. In this study, its low abundance (15.06%) was
observed in Ni-treated samples. It is well known that organic compounds are subject to various biotic
and abiotic decomposition processes, the main one being attributed to the microbial mediation [62–65].

Proteobacteria members have been reported to be among the bacteria which are able to decompose
chemical compounds that can serve as a source of energy and metabolites [66]. Such capability
may explain the predominance of Proteobacteria in xanthate-treated samples. The families
Enterobacteriaceae, Burkholderiaceae, Methylobacteriaceae, Moraxellaceae, and Rhizobiaceaae were
found more abundant in xanthate-treated samples than in Ni-treated samples, while the families
Pseudomonadaceae and Xanthomonadaceae exhibited higher proportion the Ni/xanthate-treated soil
(Figure A1).

With regard to the Firmicutes phylum, it comprised two of the 13 most dominant classes,
Bacilli (17.24%) and Clostridia (0.28%). Its highest and lowest proportions in the amended samples
were observed in Ni/xanthate-treated samples (18.85–40.72%) and in xanthate-treated samples
(0.81–5.5%), respectively. The Firmicutes phylum constitutes a rarely dominant group in the natural
environment [67,68], and comprises the majority of gram-positive and endospore-forming bacteria [64].
Some of its members may take advantage of their secondary produced metabolites to cope with
stressful conditions, including heavy metal polluted soil [43]. Ecologically, Firmicutes constitute a
very important bacterial group, comprising biosurfactant-producing bacteria that are explored for
the bioremediation of petroleum hydrocarbon-contaminated soils [69]. They are also involved in
various processes, such as cellular metal sequestration [70], iron reduction [71], and fermentation
reactions [70,72]. In this study, Bacillaceae family, one of the most involved microbes in those functions,
has the highest abundance in the mixture-treated samples (Fig.A1). The second abundant Firmicutes
family in the mixture-treated samples was Planococcaceae, accounting for 2.79–14.88%, while it
accounted for less than 1% in the Ni-treated samples. In light of these results, a simultaneous presence
of Ni and xanthates may lead to the reduction of the sensitivity of the Firmicutes species to xanthates.

Regarding the Actinobacteria phylum, it comprised one of the above mentioned 13 most dominant
classes, Actinobacteria, and dominated in Ni-treated samples. This phylum comprises gram-positive
and spore-forming bacteria that occur in both terrestrial and aquatic ecosystems [73]. They have been
previously identified, with relatively low abundance, in samples from various sources, including
agricultural soil [43,74] and heavy metals contaminated soil [68,75]. Streptomycetaceae which is
one of the most ecologically active Actinobacteria families [76,77] exhibited the highest and lowest
proportions in Ni-treated samples and xanthate-treated samples, respectively.

Of the 502 genera obtained from all samples, six genera accounted for more than 50%
of the total sequences, including Cupriavidus (13.34%), Bacillus (13.05%), Pseudomonas (10.61%),
unclassified_f_Enterobacteriaceae (5.62%), Lysobacter (4.41%), and norank_c_Acidobacteria (3.64%). The most
representative genera, with a proportion of more than 1% of the whole bacterial community in at least
one sample, are shown in Table 3.

Among them, a higher number was observed in the control sample. The most significantly
different genera between xanthates and their corresponding mixture with nickel are presented
(Figures A2 and A3).

As it was observed on the class level, the number of the most abundant and significantly different
bacterial genera between the xanthate-treated samples and their corresponding mixture-treated samples
was higher (more than 4.5 times) in the case a xanthate dose of 50 µg·g−1 soil (Figure A2) than in the
case of a xanthate dose of 100 µg·g−1 soil (Figure A3).
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Table 3. Relative abundance of the major genera across all the analyzed samples. The sequence’s
abundance is above 0.1% in at least one sample, the rest of the sequences are merged and named
as “others”. Sequences that could not be classified into any known genus were labeled “norank” or
“unclassified”. See Table 1 for sample codes.

Bacterial Genus
Relative Abundance of Each Bacterial Genus Per Sample

CS Ni PEXa PEXb SIPXa SIPXb M1a M1b M2a M2b

Cupriavidus 0.83 0.08 14.68 7.55 17.53 12.84 19.19 5.06 36.51 20.33
Bacillus 19.10 10.54 3.31 4.74 1.79 0.41 19.93 19.40 31.90 12.81

Pseudomonas 0.11 0.05 2.00 3.51 0.74 1.08 21.87 37.37 7.55 12.86
unclassified_f__Enterobacteriaceae 1.76 0.00 11.06 27.23 5.82 13.28 0.50 1.17 0.07 0.06

Lysobacter 6.37 0.70 5.84 2.95 13.82 13.81 1.00 0.70 1.12 1.35
norank_c__Acidobacteria 5.03 8.01 4.82 1.50 2.82 4.17 2.01 3.34 0.70 4.95

Microvirga 5.45 0.83 6.62 3.23 8.55 5.65 0.32 1.01 0.27 0.87
Domibacillus 0.15 0.33 0.06 0.03 0.00 0.00 13.42 2.19 5.69 0.34
Enterobacter 0.60 0.01 5.45 7.74 4.36 6.89 1.09 0.67 0.16 0.16

Acinetobacter 1.30 0.00 2.70 4.59 1.67 5.14 0.20 1.11 0.36 0.03
unclassified_f__Micrococcaceae 0.36 11.78 0.29 0.12 0.35 0.24 0.18 0.27 0.09 0.54

Sphingomonas 3.64 1.07 0.54 0.56 2.31 1.46 0.23 0.44 0.21 0.83
Pseudarthrobacter 0.79 4.71 0.62 0.27 0.75 0.60 0.37 0.73 0.23 1.17

norank_o__JG30-KF-CM45 1.14 1.68 1.48 1.12 0.85 1.10 0.39 0.91 0.29 1.13
Isoptericola 1.29 7.15 0.24 0.21 0.66 0.17 0.17 0.06 0.10 0.14

norank_c__KD4-96 1.19 1.85 1.30 0.66 1.04 1.20 0.46 0.95 0.22 1.11
norank_c__Actinobacteria 0.85 1.45 1.12 0.55 1.13 1.10 0.71 0.98 0.22 1.25

Gaiella 1.42 1.31 0.98 0.99 0.97 0.82 0.39 0.77 0.40 1.27
Ensifer 0.55 0.19 2.81 2.12 1.60 1.72 0.07 0.26 0.05 0.17

norank_o__Gaiellales 1.23 1.03 0.98 0.94 0.94 0.71 0.39 0.67 0.35 1.25
Streptomyces 0.82 2.02 1.07 0.31 1.55 0.43 0.18 0.29 0.19 0.50

Nitrospira 1.21 1.20 0.91 0.68 0.60 0.67 0.25 0.60 0.25 0.81
norank_f__Nitrosomonadaceae 0.87 1.11 0.73 0.67 0.70 0.48 0.34 0.67 0.25 1.03

Paenibacillus 1.14 2.14 1.04 0.37 0.43 0.06 0.69 0.17 0.32 0.17
Nocardioides 0.74 1.37 0.60 0.63 0.40 0.49 0.20 0.37 0.23 0.70
Blastococcus 1.16 0.74 0.60 0.52 0.50 0.49 0.20 0.37 0.24 0.69
Azotobacter 1.34 0.00 0.58 2.20 0.59 0.62 0.08 0.20 0.05 0.03
Bhargavaea 0.00 - - - - - 0.24 0.38 0.15 4.34

Microbacterium 0.31 1.81 0.19 0.10 0.10 0.15 0.20 0.04 1.58 0.17
Agromyces 1.60 1.63 0.34 0.24 0.33 0.21 0.06 0.10 0.05 0.20

unclassified_f__Rhizobiaceae 0.28 0.03 1.33 0.97 0.90 0.90 0.00 0.10 0.00 0.01
Pseudoxanthomonas 0.64 0.04 0.12 0.13 1.23 0.48 0.12 0.13 0.19 0.67

Fictibacillus 0.24 0.03 0.12 0.02 0.05 0.00 1.71 0.03 0.22 0.23
Achromobacter 0.07 0.03 0.50 1.08 0.10 0.14 0.09 0.12 0.04 0.12

Others 6.38 35.06 24.97 21.45 24.82 22.49 12.77 18.36 9.77 27.71

The empty cells (-) indicate that the corresponding bacterial genus is absent or is less than 0.1% abundant in the
corresponding sample.

Based on the proportion of the bacterial species in each sample (Table A2), the most
abundant species, with an abundance of more than 5% of the total classified sequences are
unclassified_g_Microvirga and Bacillus selenatarsenatis in the control sample, Bacillus korlensis,
unclassified_g_norank_c_Acidobacteria, unclassified_f_Micrococcaceae, and unclassified_g_Isoptericola in the
Ni-treated samples, Cupriavidus taiwanensis, unclassified_f_Enterobacteriaceae, unclassified_g_Microvirga,
Domibacillus enclensis, and Lysobacter soli, in the xanthate-treated samples, and Cupriavidus
taiwanensis, unclassified_g_Pseudomonas, Bacillus korlensis, and Domibacillus enclensis in the
Ni/xanthate-treated samples.

3.4. Traits of Potential Nickel- and Xanthate-Tolerant Bacteria

Different bacterial strains have tolerance or resistance to pollutants. Bacteria, such as
chemolithoautotrophic Acidithiobacillus ferrooxidans, are metal solubilizers and promote nutrient
and metal biogeochemical cycling [78,79]. They depend on the oxidation of iron- and sulfur-containing
minerals as a source of energy [79]. Such types of organisms are subject to research works
to investigate their applicability in the bioaccumulation and removal of soluble and particulate
metals [80] and for the degradation of organic pollutants [81] that may constitute promising
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alternative biotechnology to conventional methods for the detoxification of contaminated media.
Other organisms are used in biomining for mineral bioleaching and concentration, especially from
low-grade ores [82,83]. With respect to Ni-resistant bacteria, studies have reported, among others,
bacteria of the genera Bacillus, Streptomyces, Acinetobacter, Burkholderia, Klebsiella, Methylobacerium,
Acidithiobacillus, and Leptospirillum [79,80,83–85].

As it was recently reported [86], the mineral bioleaching process can be negatively affected by
xanthates that tend to preferably bind to the surface of sulfide minerals, inhibiting the contact and
interaction between minerals and the bioleaching microorganisms. The growth, activity, and bioleaching
ability of Acidithiobacillus ferrooxidans were depressed by different flotation collectors, ethyl xanthates and
isopropyl xanthates, being more adverse than frothers [82]. In contrast, a mixture of three mesophilic
bacteria, Acidithiobacillus thiooxidans, Acidithiobacillus ferrooxidans, and Leptospirillum ferrooxidans,
exhibited less sensitivity and higher zinc mineral bioleaching than any individual strain [86]. This is
consistent with the fact that, to efficiently cope with stressful conditions, as can in the case of exposure
to Ni and xanthates, microbes act synergistically rather than by single strain [63,83].

In this study, considering the bacterial abundance, which is a good indicator of the sensitivity to
pollutants, bacteria in the microbial community exposed to Ni and xanthates fall into four distinct
categories. The first category comprised of the most represented bacteria in Ni-treated samples
while they are much less abundant in xanthate-treated samples. They include, among others,
the genera unclassified_f_Micrococcaceae, Bacillus, norank_c_Acidobacteria, Isoptericola, Pseudarthrobacter,
Paenibacillus, Microbacterium, Agromyces, and Nocardioides. Acidobacteria comprises members that are
chemoheterotrophs (the most frequent) and photoheterotrophs, and are abundant in various terrestrial
and aquatic habitats, including peatlands, acidic soils, and mineral iron-rich habitats [87].

The second category comprises bacteria that were highly abundant in xanthate-treated samples
while being much less abundant (less than 0.5% in general) in Ni-treated samples. The most
representative are members of Proteobacteria phylum which demonstrated high abundance in
xanthate-treated samples. They include the genera unclassified_f_Enterobacteriaceae, Cupriavidus,
Enterobacter, Lysobacter, Microvirga, Acinetobacter, Ensifer, Pseudomonas, unclassified_f_Rhizobiaceae,
and Azotobacter. Except for the Cupriavidus genus, this category of bacteria exhibited much lower
abundance (less than 1% in general) in the mixed-chemical treatments. Such a situation may indicate a
synergistic toxic effect for Ni and xanthates. Similar to Bacillus members, bacteria of category 2 are
generally multi-resistant to antibiotics [83]. A study of the resistance mechanisms could reveal the
existence or non-existence of similar natural response mechanisms to antibiotics and xanthates.

The third group was composed of bacteria which are relatively more abundant in the
Ni/xanthate-treated samples than in the single chemicals-treated samples. In addition to Bacillus
and Cupriavidus genera, which are the most representative, other bacteria of this category include
genera Bhargavaea, Domibacillus, and Pseudomonas. Pseudomonas was more abundant at a xanthate
dose of 100 µg·g−1 soil than at a xanthate dose of 50 µg·g−1 soil in the mixture. Xanthate-treated
samples presented a similar trend. In contrast, Cupriavidus, Bacillus, and Domibacillus exhibited higher
abundance in mixtures treatments containing a xanthate dose of 50 µg·g−1 soil than in those containing
a xanthate dose of 100 µg·g−1 soil. Such a situation may explain that increasing the xanthate dose in
the mixture with Ni, over a certain limit, can lead to increasing the sensitivity of such bacteria.

The fourth category comprised of bacterial genera that did not show much variation between
samples. They include, among others, norank_f_Gemmatimonadaceae, norank_f_Acidimicrobiaceae,
norank_f_MSB-1E8, and norank_o_Xanthomonadales. Acidimicrobiaceae bacteria are capable of ammonium
(NH4) oxidation and play an essential role in denitrification [88]. They are involved in the nitrogen
cycle in soil and aqueous environments, similar to Nitrosomonadaceae and Nitrospira members [89].
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4. Conclusions

From the results of this study on the interactive effect of nickel and xanthates, PEX and SIPX,
on soil bacterial community diversity and structure, all the applied doses affected, albeit differently,
the soil bacterial community, particularly the community structure. Based on the diversity indices’
values, xanthates can be considered as more toxic to the soil microbial community than nickel and
increasing the xanthate dose in the soil may result in higher toxic effects while the same increase in the
xanthate concentration in the mixture with nickel may not necessarily lead to the magnification of the
toxicity level. The observed differences in the bacterial abundance in the presence of the same treatment
can explain the difference in the bacterial sensitivity to the applied chemicals. Different bacterial strains
could be considered as more affected or moderately affected, or less affected by nickel, or xanthates,
or their complex mixture. In the real environment, such a situation may be due to differences in
the bacterial adaptive mechanisms to these types of exposures, which may predict differences in the
bacterial strain survival or adaptation in the presence of these chemicals. Analyzing the functional
abundance spectrum will provide important complementary information and extending the analysis
to different sites and a wide range of chemicals and doses will allow generating rigorous statistics
and general conclusions on the interactive effect of metals and their mineral flotation collectors on
the soil microbial community. For the sustainability of mining and ore processing, the observed less
affected or potentially resistant bacterial strains could be well explored to determine their resistance
capacity level and for their application in biomining and for the prediction and remediation of Ni and
xanthate-polluted soils.
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Figure A1. Hierarchically clustered heatmap of distribution for the 40 major bacterial families from 
different samples: Control sample (C) and samples treated with single nickel (Ni), PEX (PEXa, PEXb), 
SIPX (SIPXa and SIPXb) and the mixtures of Ni and PEX (M1a and M1b) and PEX (M2a and M2b). 
Rows and columns stand for each bacterial family and sample, respectively. The relative abundance 
for each bacterial family was depicted by color intensity as shown at the right of the figure. See Table 
1 for sample codes. 

 

 

Figure A1. Hierarchically clustered heatmap of distribution for the 40 major bacterial families from
different samples: Control sample (C) and samples treated with single nickel (Ni), PEX (PEXa, PEXb),
SIPX (SIPXa and SIPXb) and the mixtures of Ni and PEX (M1a and M1b) and PEX (M2a and M2b).
Rows and columns stand for each bacterial family and sample, respectively. The relative abundance for
each bacterial family was depicted by color intensity as shown at the right of the figure. See Table 1 for
sample codes.
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Figure A2. Student’s t-test bar plot representing the 60 most abundant and significantly different 
genera between samples treated with xanthate dose of 50 µg·g−1 soil (Xa) and their corresponding 
mixture with Ni (300 µg·g−1 soil) (Ma). Each category is made of four samples). The proportion of the 
represented genera is 0.58–7.60% (A), 0.23–0.58% (B), 0.12–0.23% (C), and less than 0.12% (D). 

Figure A2. Student’s t-test bar plot representing the 60 most abundant and significantly different
genera between samples treated with xanthate dose of 50 µg·g−1 soil (Xa) and their corresponding
mixture with Ni (300 µg·g−1 soil) (Ma). Each category is made of four samples). The proportion of the
represented genera is 0.58–7.60% (A), 0.23–0.58% (B), 0.12–0.23% (C), and less than 0.12% (D).
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Figure A3. Student’s t-test bar plot representing the significantly different genera between samples 
treated with a xanthate dose of 100 µg·g−1 soil (Xb) and their corresponding mixtures with Ni (300 
µg·g−1 soil) (Mb). Each category is made of four samples. The proportion of the represented genera is 
0.010–7.30% (A) and less than 0.010 (B). 

  

Figure A3. Student’s t-test bar plot representing the significantly different genera between samples
treated with a xanthate dose of 100 µg·g−1 soil (Xb) and their corresponding mixtures with Ni
(300 µg·g−1 soil) (Mb). Each category is made of four samples. The proportion of the represented
genera is 0.010–7.30% (A) and less than 0.010 (B).
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Appendix B

Table A1. Relative abundance (Percentage of the total classified sequences for each sample) of the major
bacterial classes in the absence and presence of single and binary mixture doses of nickel and xanthates
(PEX and SIPX). Control samples (CS), samples treated with 300 µg Ni g−1 soil (Ni), 50 µg PEX g−1

soil (PEXa), 100 µg PEX·g−1 soil (PEXb), 50 µg SIPX·g−1 soil (SIPXa), 100 µg SIPX g−1 soil (SIPXb) and
samples treated with binary mixtures of 300 µg Ni g−1 soil and 50 µg PEX g−1 soil (M1a), 100 µg PEX g−1

soil (M1b), 50 µg SIPX g−1 soil (M2a), and 100 µg SIPX g−1 soil (M2b).

Bacterial Class
Relative Abundance of Each Bacterial Class Per Sample

CS M1a M1b M2a M2b Ni PEXa PEXb SIPXa SIPXb

Gammaproteobacteria 14.73 25.51 42.51 10.17 17.09 2.53 29.17 50.02 30.09 43.14
Bacilli 22.62 39.51 20.56 40.7 18.79 13.74 4.78 5.48 2.45 0.78

Betaproteobacteria 3.82 20.22 10.89 37.16 23.12 2.89 17.7 10.69 21.5 15.79
Actinobacteria 20.74 5.74 8.78 6.04 16.31 46.63 14.16 11.19 14.42 10.94

Alphaproteobacteria 16.79 2.4 5.01 2.14 7.11 7.64 16.86 12.42 19.3 14.81
Acidobacteria 6.86 2.48 4.19 0.97 6.42 10.28 6.1 2.16 3.87 5.43

Deltaproteobacteria 1.76 0.62 1.06 0.54 1.13 2 1.43 1.11 1.18 1.01
Thermomicrobia 1.36 0.44 1.02 0.33 1.24 1.9 1.65 1.27 0.95 1.21

KD4-96 1.19 0.46 0.95 0.22 1.11 1.85 1.3 0.66 1.04 1.2
Gemmatimonadetes 1.22 0.44 0.76 0.33 1.19 1.21 0.8 0.67 0.78 0.7

Nitrospira 1.21 0.25 0.6 0.25 0.81 1.2 0.91 0.68 0.6 0.67
Sphingobacteriia 1.2 0.15 0.29 0.17 0.56 1.36 0.45 0.38 0.58 0.45

Anaerolineae 0.36 0.16 0.39 0.09 0.43 0.84 0.54 0.23 0.36 0.43
Cytophagia 0.5 0.1 0.26 0.13 0.46 0.73 0.33 0.34 0.18 0.24
Chloroflexia 0.51 0.11 0.22 0.09 0.33 0.53 0.44 0.33 0.37 0.36

TK10 0.39 0.11 0.27 0.09 0.34 0.51 0.37 0.25 0.29 0.29
Gitt-GS-136 0.23 0.15 0.28 0.06 0.31 0.5 0.4 0.18 0.27 0.39
Clostridia 2.23 0.04 0.06 0.02 0.06 0.06 0.12 0.07 0.06 0.04

S085 0.24 0.14 0.19 0.07 0.34 0.3 0.24 0.22 0.19 0.24
Spartobacteria 0.13 0.14 0.27 0.03 0.29 0.39 0.18 0.05 0.07 0.2

Caldilineae: 0.28 0.07 0.17 0.04 0.2 0.25 0.23 0.17 0.16 0.2
JG30-KF-CM66 0.22 0.09 0.13 0.04 0.25 0.24 0.22 0.16 0.16 0.17

Planctomycetacia 0.14 0.09 0.13 0.03 0.21 0.33 0.18 0.07 0.1 0.12
unclassified_k__norank 0.12 0.07 0.14 0.03 0.16 0.21 0.14 0.1 0.12 0.13

norank_p__Tectomicrobia 0.19 0.04 0.06 0.04 0.11 0.21 0.2 0.1 0.1 0.12
norank_p__Saccharibacteria 0.18 0.04 0.09 0.03 0.1 0.21 0.13 0.1 0.1 0.11
norank_p__Latescibacteria 0.08 0.05 0.1 0.02 0.14 0.21 0.14 0.05 0.07 0.11

Phycisphaerae 0.09 0.04 0.09 0.03 0.11 0.15 0.13 0.08 0.09 0.1
OM190 0.05 0.04 0.05 0.01 0.08 0.12 0.08 0.04 0.06 0.07

Ardenticatenia 0.08 0.01 0.01 0.01 0.03 0.14 0.06 0.05 0.05 0.07
Tectomicrobia_Incertae_Sedis: 0.07 0.01 0.01 0.01 0.12 0.08 0.06 0.05 0.04

Flavobacteriia 0.03 0.02 0.03 0.01 0.03 0.04 0.03 0.03 0.12 0.05
Chlamydiae 0.01 0.02 0.01 0 0.02 0.01 0.01 0.27 0.01 0.01

others 0.39 0.22 0.44 0.09 0.62 0.84 0.47 0.28 0.25 0.39
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Table A2. Relative abundance (percentage of the total classified sequences for each sample) of the most representative bacterial species per sample: Control sample (C),
and samples treated with single nickel (Ni), PEX (PEXa and PEXa), SIPX (SIPXa and SIPXb), and the mixtures of nickel and PEX (M1a and M1b) and SIPX (M2a and
M2b). See Table 1 for sample codes.

Bacterial Species Name Bacterial Species Abundance (%) Per Sample

CS Ni PEXa PEXb SIPXa SIPXb M1a M1b M2a M2b

Cupriavidus_taiwanensis 0.53 0.03 9.47 5.81 14.2 8.06 13.3 3.41 0.95 14.85
unclassified_g__Pseudomonas 0.11 0.05 1.98 3.46 0.74 1.08 1.9 37.37 7.55 12.86

Bacillus_korlensis 2.88 6.36 0.60 0.67 0.74 0.13 8.70 13.24 24.42 11.36
unclassified_f__Enterobacteriaceae 1.76 0.00 11.1 27.23 5.82 13.28 0.50 1.17 0.07 0.06

unclassified_g__Microvirga 5.17 0.62 6.30 3.03 8.28 5.44 0.24 0.85 0.20 0.64
Lysobacter_soli 2.15 0.16 5.34 2.67 7.83 8.25 0.85 0.50 0.95 1.00

Domibacillus_enclensis 0.15 0.33 0.06 0.03 0.00 0.00 13.4 2.19 5.69 0.34
unclassified_g__Enterobacter 0.60 0.01 5.45 7.74 4.36 6.89 1.09 0.67 0.16 0.16

unclassified_g__norank_c__Acidobacteria 3.27 0.43 3.14 0.96 1.87 2.77 1.32 2.19 0.45 3.25
Ralstonia_pickettii_DTP0602 0.11 0.05 3.95 1.20 2.16 3.49 3.95 0.89 3.20 4.03

Bacillus_selenatarsenatis 8.12 1.72 0.68 2.92 0.17 0.05 2.21 3.00 0.58 0.08
Acinetobacter_nosocomialis 1.30 0.00 2.70 4.59 1.67 5.06 0.19 1.09 0.09 0.03

unclassified_g__Bacillus 2.46 0.49 1.08 0.75 0.22 0.06 3.70 1.40 3.27 0.45
unclassified_f__Micrococcaceae 0.36 11.8 0.29 0.12 0.35 0.24 0.18 0.27 0.09 0.54

unclassified_g__Cupriavidus 0.19 0.01 1.26 0.53 1.21 1.29 1.94 0.77 2.37 1.45
Bacillus_idriensis 2.80 0.61 0.56 0.24 0.23 0.09 2.16 1.05 1.46 0.66

Lysobacter_dokdonensis_DS-58 1.68 0.33 0.22 0.16 3.89 4.03 0.06 0.11 0.03 0.15
unclassified_g__Pseudarthrobacter 0.79 4.71 0.62 0.27 0.75 0.60 0.37 0.73 0.23 1.17

unclassified_g__Isoptericola 1.29 7.15 0.24 0.21 0.66 0.17 0.17 0.06 0.10 0.14
unclassified_g__Sphingomonas 3.27 0.92 0.45 0.45 1.99 1.17 0.19 0.38 0.18 0.71
unclassified_g__Streptomyces 0.81 2.02 1.07 0.31 1.55 0.43 0.18 0.29 0.19 0.50

uncultured_bacterium_g__norank_c__KD4-96 0.90 1.36 0.94 0.47 0.77 0.90 0.35 0.67 0.14 0.80
unclassified_g__Bhargavaea 0.00 - - - - - 0.24 0.38 0.15 4.34

unclassified_g__norank_c__Actinobacteria 0.44 0.76 0.58 0.28 0.57 0.57 0.31 0.52 0.12 0.64
Ensifer_adhaerens_g__Ensifer 0.38 0.17 1.49 1.23 0.59 0.68 0.05 0.14 0.04 0.15

unclassified_g__Microbacterium 0.28 0.75 0.15 0.07 0.08 0.13 0.19 0.03 1.57 0.13
unclassified_g__Ensifer 0.18 0.02 1.31 0.88 1.01 1.04 0.02 0.12 0.01 0.02

uncultured_bacterium_g__norank_f__Acidimicrobiaceae 0.74 0.60 0.46 0.48 0.45 0.36 0.19 0.36 0.18 0.59
unclassified_f__Rhizobiaceae 0.28 0.03 1.33 0.97 0.90 0.90 0.00 0.10 0.00 0.01

unclassified_g__norank_o__JG30-KF-CM45 0.50 0.72 0.67 0.47 0.33 0.48 0.17 0.42 0.12 0.51
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Table A2. Cont.

Bacterial Species Name Bacterial Species Abundance (%) Per Sample

CS Ni PEXa PEXb SIPXa SIPXb M1a M1b M2a M2b

uncultured_Blastococcus_sp_g__Blastococcus 0.88 0.59 0.49 0.41 0.39 0.37 0.16 0.30 0.19 0.59
uncultured_bacterium_g__norank_f__MSB-1E8 0.54 0.52 0.50 0.50 0.31 0.33 0.19 0.42 0.21 0.76

unclassified_g__Nitrospira 0.71 0.70 0.58 0.41 0.36 0.38 0.15 0.33 0.13 0.46
unclassified_g__norank_o__Gaiellales 0.58 0.45 0.46 0.45 0.44 0.35 0.20 0.31 0.15 0.54

unclassified_g__Paenibacillus 0.50 1.98 0.38 0.05 0.07 0.00 0.53 0.06 0.13 0.05
unclassified_g__norank_f__Rhodospirillaceae 0.57 0.50 0.38 0.40 0.47 0.34 0.16 0.31 0.15 0.51

uncultured_bacterium_g__Skermanella 0.55 0.48 0.65 0.83 0.60 0.50 0.05 0.05 0.06 0.09
uncultured_bacterium_g__Azotobacter 1.30 - 0.26 1.96 0.19 0.15 0.02 0.08 0.03 0.02

uncultured_bacterium_g_Solirubrobacter 0.62 0.62 0.43 0.27 0.36 0.29 0.09 0.24 0.13 0.41
unclassified_g_Lysobacter 0.81 0.09 0.15 0.05 1.11 1.00 0.04 0.05 0.07 0.11

Bacillus_marisflavi_g_Bacillus 0.13 0.02 0.05 0.03 0.16 0.01 1.68 0.52 0.19 0.04
unclassified_g_Pseudoxanthomonas 0.60 0.03 0.09 0.13 1.17 0.42 0.11 0.12 0.17 0.49

unclassified_g_norank_f_Nitrosomonadaceae 0.40 .54 0.38 0.34 0.27 0.22 0.17 0.29 0.12 0.48
uncultured_actinobacterium_g_Gaiella 0.51 0.45 0.36 0.34 0.31 0.26 0.12 0.28 0.14 0.44

Fictibacillus_arsenicus 0.24 0.03 0.12 0.02 0.05 0.00 1.71 0.03 0.22 0.23
uncultured_bacterium_g_Gaiella 0.37 0.42 0.32 0.35 0.34 0.28 0.14 0.26 0.14 0.43

unculturedAcidobacteriales_bacterium_g_norank_c_Acidobacteria 0.45 0.63 0.35 0.10 0.19 0.30 0.18 0.28 0.06 0.41
Bacillus_niacini_g_Bacillus 0.37 0.21 0.09 0.03 0.05 0.01 0.35 0.07 1.39 0.03

uncultured_Chloroflexi_bacterium_g_norank_o_JG30-KF-CM45 0.29 0.42 0.45 0.32 0.29 0.31 0.13 0.26 0.09 0.34
unclassified_g_RB41 0.28 0.73 0.42 0.13 0.33 0.44 0.10 0.16 0.04 0.27
unclassified_g_H16 0.30 0.46 0.34 0.27 0.23 0.24 0.16 0.28 0.13 0.44

unclassified_g_norank_f_Elev-16S-1332 0.36 0.40 0.36 0.30 0.36 0.27 0.13 0.21 0.11 0.36
Bacillus_vireti 1.24 0.06 0.17 0.03 0.17 0.03 .54 0.04 0.39 0.07

unclassified_g_Nocardioides 0.38 0.58 0.33 0.31 0.21 0.26 0.11 0.20 0.09 0.36
unclassified_f_Intrasporangiaceae 0.40 0.48 0.31 0.16 0.27 0.24 0.08 0.21 0.05 0.43

unclassified_g_norank_f_Gemmatimonadaceae 0.35 0.34 0.24 0.20 0.27 0.23 0.17 0.23 0.13 0.39
unclassified_g_Steroidobacter 0.38 0.35 0.22 0.21 0.35 0.43 0.10 0.15 0.08 0.26

unclassified_o_Bacillales 0.53 0.17 0.02 0.01 0.01 0.00 0.85 0.39 0.26 0.01
uncultured_bacterium_g_norank_c_Gitt-GS-136 0.21 0.44 0.34 0.16 0.25 0.36 0.14 0.25 0.06 0.29

unclassified_f_Nocardioidaceae 0.41 0.51 0.26 0.32 0.15 0.19 0.09 0.20 0.09 0.26
unclassified_g_norank_f_Anaerolineaceae 0.21 0.50 0.34 0.14 0.23 0.26 0.11 0.26 0.06 0.27
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Table A2. Cont.

Bacterial Species Name Bacterial Species Abundance (%) Per Sample

CS Ni PEXa PEXb SIPXa SIPXb M1a M1b M2a M2b

Agromyces_ulmi 0.79 0.68 0.22 0.15 0.22 0.13 0.04 0.06 0.03 0.13
unclassified_g_norank_o_Xanthomonadales 0.31 0.30 0.25 0.19 0.21 0.23 0.13 0.22 0.10 0.37

uncultured_Rubrobacterales_bacterium_g_Gaiella 0.40 0.33 0.22 0.23 0.27 0.22 0.10 0.17 0.09 0.30
uncultured_soil_bacterium_g_norank_c_Actinobacteria 0.24 0.34 0.27 0.12 0.31 0.24 0.20 0.22 0.05 0.27

unclassified_g_Brevibacillus 0.12 0.28 0.02 0.01 0.03 0.01 0.57 0.18 0.58 0.21
uncultured_Gemmatimonadales_bacterium_g_norank 0.30 0.29 0.21 0.20 0.24 0.18 0.13 0.25 0.09 0.36

uncultured_bacterium_g_norank_o_JG30-KF-CM45 0.28 0.43 0.29 0.28 0.18 0.24 0.07 0.19 0.06 0.23
unclassified_g_norank_o_Acidimicrobiales 0.33 0.30 0.25 0.26 0.22 0.19 0.10 0.17 0.09 0.33

unclassified_g_Microlunatus 0.32 0.28 0.25 0.25 0.29 0.20 0.09 0.16 0.09 0.30
uncultured_actinobacterium_g_norank 0.32 0.29 0.25 0.24 0.24 0.16 0.09 0.16 0.08 0.32

unclassified_g_Achromobacter 0.06 0.01 0.47 1.08 0.09 0.14 0.09 0.11 0.04 0.10
uncultured_Burkholderiales_bacterium_g_norank_f_Nitrosomonadaceae 0.25 0.31 0.19 0.19 0.26 0.16 0.10 0.22 0.08 0.31

uncultured_Acidobacteria_bacterium_g_norank_c_Acidobacteria 0.27 0.39 0.31 0.09 0.12 0.21 0.10 0.17 0.03 0.32
uncultured_bacterium_g_norank_f_288-2 0.32 0.25 0.26 0.21 0.24 0.17 0.07 0.15 0.08 0.26

unclassified_f_Comamonadaceae 0.32 0.32 0.15 0.15 0.21 0.19 0.07 0.18 0.06 0.24
unclassified_g_Mycobacterium 0.26 0.28 0.19 0.18 0.24 0.15 0.09 0.14 0.06 0.20

uncultured_Rhodoplanes_sp._g_Variibacter 0.28 0.25 0.13 0.16 0.18 0.17 0.10 0.16 0.08 0.26
Rhizobium_giardinii_g__Rhizobium 0.11 0.09 0.45 0.45 0.29 0.26 0.02 0.06 0.02 0.07

unclassified_g_norank_c_TK10 0.23 0.30 0.22 0.16 0.19 0.19 0.07 0.15 0.05 0.19
Azotobacter_beijerinckii 0.04 0.00 0.32 0.25 0.40 0.46 0.06 0.12 0.02 0.01

uncultured_Actinomycetales_bacterium_g_norank_f_OM1_clade 0.19 0.22 0.18 0.15 0.14 0.12 0.09 0.18 0.08 0.27
Agromyces_indicus 0.69 0.78 0.04 0.04 0.06 0.04 .00 0.01 0.00 0.03

Variovorax_soli 0.12 0.10 0.16 0.08 0.60 0.38 0.04 0.07 0.01 0.05
unclassified_g_norank_c_KD4-96 0.17 0.28 0.22 0.09 0.17 0.16 0.07 0.17 0.04 0.18

unclassified_g_Iamia 0.23 0.20 0.16 0.18 0.15 0.15 0.06 0.14 0.06 0.22
uncultured_Thermomonas_sp._g_Lysobacter 0.62 0.11 0.06 0.05 0.31 0.31 0.02 0.03 0.01 0.07

uncultured_bacterium_g_norank_f_Intrasporangiaceae 0.44 0.34 0.14 0.10 0.13 0.10 0.05 0.07 0.04 0.13
uncultured_bacterium_g_norank_o_Gaiellales 0.21 0.17 0.18 0.15 0.15 0.12 0.06 0.13 0.07 0.25

uncultured_Beijerinckiaceae_bacterium_g_Microvirga 0.20 0.19 0.16 0.16 0.14 0.15 0.06 0.15 0.06 0.21
uncultured_actinobacterium_g_Micromonospora 0.21 0.21 0.18 0.15 0.11 0.13 0.07 0.14 0.06 0.19

Lysobacter_yangpyeongensis 0.57 0.01 0.07 0.01 0.61 0.14 0.03 0.00 0.05 0.02
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Table A2. Cont.

Bacterial Species Name Bacterial Species Abundance (%) Per Sample

CS Ni PEXa PEXb SIPXa SIPXb M1a M1b M2a M2b

Micromonospora_chokoriensis 0.15 0.14 0.18 0.15 0.15 0.10 0.10 0.20 0.07 0.21
uncultured_Actinomycetales_bacterium_g_norank_c_Actinobacteria 0.12 0.21 0.19 0.09 0.18 0.17 0.12 0.14 0.03 0.20

unclassified_g_norank_f_Xanthomonadales_Incertae_Sedis 0.27 0.22 0.10 0.08 0.20 0.16 0.05 0.12 0.04 0.21
uncultured_bacterium_g_Candidatus_Xiphinematobacter 0.08 0.31 0.14 0.04 0.06 0.16 0.11 0.22 0.02 0.25

unclassified_g_Lysinibacillus 0.59 0.00 0.03 0.02 0.02 0.00 0.22 0.08 0.35 0.03
uncultured_proteobacterium_g_Acidibacter 0.18 0.24 0.14 0.12 0.14 0.18 0.07 0.09 0.06 0.17

uncultured_bacterium_g_Ilumatobacter 0.21 0.19 0.14 0.16 0.15 0.12 0.06 0.11 0.06 0.18
Sphingomonas_leidyi 0.31 0.12 0.08 0.10 0.30 0.27 0.04 0.06 0.03 0.10

bacterium_WX65 0.26 0.20 0.16 0.16 0.10 0.13 0.04 0.13 0.04 0.16
uncultured_Pseudoxanthomonas_sp._g_norank 0.19 0.18 0.12 0.12 0.14 0.12 0.08 0.13 0.07 0.21

unclassified_g_norank_f_Rhodobiaceae 0.17 0.16 0.12 0.14 0.14 0.10 0.08 0.13 0.07 0.22
Nocardioides_terrigena 0.16 0.31 0.13 0.17 0.07 0.11 0.04 0.10 0.07 0.18

unclassified_g_Bradyrhizobium 0.27 0.25 0.07 0.05 0.18 0.12 .06 0.10 0.04 0.18
unclassified_g_norank_f_Alcaligenaceae 0.23 0.22 0.13 0.12 0.16 0.12 0.04 0.09 0.04 0.17

uncultured_bacterium_g_norank_o_SC-I-84 0.25 0.15 0.11 0.09 0.12 0.10 0.06 0.15 0.03 0.24
Acidobacteria_bacterium_CB_286306 0.15 0.29 0.21 0.05 0.10 0.14 0.06 0.12 0.04 0.14

unclassified_g_Gracilibacillus 0.01 0.08 0.01 - 0.00 0.00 0.17 0.00 0.69 0.09
unclassified_k_norank 0.12 0.21 0.14 0.10 0.12 0.13 0.07 0.14 0.03 0.16

Bacillus_litoralis_g__Bacillus 0.85 .04 0.05 0.05 0.04 0.03 0.10 0.03 0.02 0.06
unclassified_g__Streptococcus 0.01 0.01 0.00 0.00 0.00 0.21 0.33 0.22 0.10 0.20

Massilia_timonae 0.06 0.03 0.07 0.08 0.51 0.38 0.03 0.01 0.01 0.02
unclassified_g_norank_f_Acidimicrobiaceae 0.17 0.16 0.13 0.12 0.10 0.08 0.05 0.10 0.04 0.21

Agrococcus_jenensis 0.11 0.43 0.11 0.08 0.10 0.09 0.03 0.07 0.03 0.12
uncultured_bacterium_g_Microlunatus 0.24 0.21 0.14 0.09 0.13 0.12 0.04 0.05 0.03 0.12

unclassified_g_Ramlibacter 0.26 0.14 0.10 0.05 0.16 0.11 0.06 0.09 0.03 0.14
uncultured_Chloroflexi_bacterium_g_norank_c_KD4-96 0.13 0.21 0.14 0.09 0.10 0.14 0.05 0.10 0.03 0.14

unclassified_g_Blastococcus 0.28 0.15 0.12 0.11 0.10 0.12 0.03 0.07 0.05 0.10
uncultured_Rhodobiaceae_bacterium_g_norank_f_Rhodobiaceae 0.14 0.13 0.11 0.10 0.12 0.07 0.08 0.14 0.05 0.18

unclassified_g_Massilia 0.02 0.02 0.15 0.13 0.39 0.25 0.08 0.00 0.01 0.08
uncultured_bacterium_g_norank_f_Elev-16S-1332 0.16 0.16 0.12 0.12 0.13 0.09 0.04 0.06 0.04 0.19
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Table A2. Cont.

Bacterial Species Name Bacterial Species Abundance (%) Per Sample

CS Ni PEXa PEXb SIPXa SIPXb M1a M1b M2a M2b

uncultured_bacterium_g_Roseiflexus 0.19 0.17 0.14 0.13 0.14 0.11 0.02 0.06 0.03 0.11
unclassified_g_Candidatus_Alysiosphaera 0.18 0.17 0.16 0.13 0.09 0.09 0.03 0.06 0.04 0.13

Solibacillus_silvestris_StLB046 0.04 - 0.00 0.01 0.00 - 0.67 0.12 0.02 0.00
uncultured_soil_bacterium_g_norank_c_S085 0.13 0.15 0.12 0.09 0.08 0.11 0.07 0.10 0.04 0.14

unclassified_g_Roseiflexus 0.11 0.17 0.15 0.12 0.12 0.12 0.03 0.08 0.03 0.09
Bacillus_humi 0.23 0.02 0.01 0.02 0.01 0.00 0.43 0.04 0.11 0.02

Acidobacteria_bacterium_LWH4 0.21 0.24 0.12 0.03 0.07 0.15 0.05 0.04 0.01 0.09
uncultured_bacterium_g_Chryseolinea 0.09 0.19 0.12 0.16 0.06 0.08 0.02 0.08 0.03 0.18

unclassified_f_Oxalobacteraceae 0.04 0.01 0.28 0.05 0.29 0.24 0.01 0.03 0.01 0.03
unclassified_f_Rhodobacteraceae 0.22 0.11 0.10 0.09 0.10 0.09 0.05 0.06 0.03 0.13

uncultured_bacterium_g_norank_f_0319-6M6 0.15 0.12 0.09 0.11 0.09 0.08 0.04 0.09 0.03 0.13
unclassified_g_norank_o_TRA3-20 0.13 0.14 0.09 0.09 0.08 0.08 0.04 0.11 0.02 0.11

uncultured_bacterium_g_G55 0.12 0.13 0.12 0.10 0.09 0.10 0.05 0.06 0.04 0.11
unclassified_g_norank_o_AKYG1722 0.13 0.15 0.13 0.12 0.07 0.08 0.04 0.07 0.04 0.07

uncultured_soil_bacterium_g_norank_f_Caldilineaceae 0.14 0.09 0.14 0.07 0.08 0.09 0.05 0.08 0.03 0.10
unclassified_g_Pantoea 0.03 - 0.14 0.40 0.11 0.17 0.01 0.03 - 0.01

uncultured_Burkholderiaceae_bacterium_g_norank_f_Nitrosomonadaceae 0.10 0.15 0.09 0.06 0.10 0.06 0.04 0.09 0.04 0.11
unclassified_g_norank_f_Cytophagaceae 0.11 0.22 0.08 0.06 0.05 0.06 0.02 0.09 0.04 0.12

uncultured_bacterium_g_norank_p_Tectomicrobia 0.15 0.15 0.13 0.07 0.08 0.10 0.03 0.04 0.02 0.08
uncultured_bacterium_g_Ammoniphilus 0.07 0.02 0.04 0.01 0.01 0.01 0.29 0.21 0.08 0.01

uncultured_Acidobacteria_bacterium_g_norank_f_Blastocatellaceae_Subgroup_4_ 0.20 0.17 0.05 0.03 0.06 0.08 0.04 0.08 0.01 0.14
Cellulomonas_fimi 0.15 0.37 0.06 0.03 0.06 0.04 0.01 0.03 0.02 0.05

unclassified_g_Pedomicrobium 0.13 0.09 0.07 0.08 0.08 0.06 0.04 0.08 0.04 0.12
uncultured_Caulobacteraceae_bacterium_g_Phenylobacterium 0.04 0.01 0.22 0.06 0.27 0.13 0.01 0.02 0.01 0.03

unclassified_g_Solirubrobacter 0.19 0.14 0.09 0.08 0.07 0.09 0.02 0.06 0.02 0.04
uncultured_bacterium_g_norank_o_Acidimicrobiales 0.15 0.11 0.08 0.09 0.07 0.06 0.03 0.08 0.03 0.10

uncultured_bacterium_g_Phenylobacterium 0.15 0.08 0.06 0.05 0.15 0.12 0.02 0.06 0.02 0.07
uncultured_Hyphomicrobiaceae_bacterium_g_Hyphomicrobium 0.10 0.08 0.07 0.07 0.07 0.06 0.04 0.08 0.04 0.14

unclassified_g_Cellulomonas 0.14 0.38 0.06 0.02 0.05 0.04 0.01 0.01 0.01 0.04
Nocardioides_exalbidus 0.06 0.22 0.07 0.09 0.07 0.07 0.02 0.03 0.02 0.08
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Table A2. Cont.

Bacterial Species Name Bacterial Species Abundance (%) Per Sample

CS Ni PEXa PEXb SIPXa SIPXb M1a M1b M2a M2b

Paenibacillus_sp._Y412MC10 0.01 0.07 0.17 0.11 0.13 0.02 0.03 0.03 0.12 0.01
uncultured_Actinomycetales_bacterium_g_Rubrobacter 0.15 0.07 0.10 0.06 0.06 0.07 0.03 0.06 0.03 0.09

uncultured_Geoalkalibacter_sp._g_norank_c_Acidobacteria 0.08 0.11 0.11 0.05 0.04 0.07 0.05 0.09 0.02 0.09
uncultured_bacterium_gp6 0.08 0.13 0.08 0.03 0.08 0.07 0.04 0.07 0.01 0.11

uncultured_candidate_division_SPAM_bacterium 0.12 0.14 0.07 0.05 0.05 0.06 0.03 0.07 0.03 0.08
unclassified_g_Phyllobacterium 0.06 .09 0.10 0.14 0.07 0.10 .03 0.04 0.02 0.04

unclassified_g_Arenimonas 0.39 0.09 0.02 0.03 0.04 0.04 .01 0.03 0.02 0.06
unclassified_g_norank_c_JG30-KF-CM66 0.09 0.10 0.09 0.06 0.07 0.06 0.04 0.04 0.02 0.10

unclassified_f_Propionibacteriaceae 0.11 0.11 0.07 0.08 0.07 0.06 0.03 0.06 0.02 0.08
unclassified_g_Pseudonocardia 0.11 0.07 0.06 0.05 0.08 0.06 0.04 0.07 0.04 0.09

unclassified_g_Microbispora 0.06 0.05 0.08 0.07 0.08 0.05 0.04 0.09 0.03 0.12
uncultured_Acidimicrobidae_bacterium_g_norank_o_Acidimicrobiale 0.11 0.10 0.07 0.06 0.07 0.08 0.02 0.04 0.03 0.09

unclassified_g_norank_f_Ellin6055 0.23 0.10 0.05 0.07 0.08 0.06 0.01 0.03 0.02 0.05
unclassified_g_Rubrobacter 0.05 0.09 0.11 0.04 0.10 0.08 0.03 0.05 0.01 0.08
unclassified_g_Cronobacter 0.02 0.17 0.15 0.22 0.16 0.12 0.01 0.01 - -

uncultured_bacterium_g_norank_f_Planctomycetaceae 0.06 0.09 0.07 0.03 0.05 0.06 0.05 0.06 0.01 0.08
uncultured_bacterium_g_Candidatus_Alysiosphaera 0.08 - 0.12 0.08 0.06 0.06 0.02 0.03 0.03 0.07

Rhizobium_pusense 0.06 0.02 0.13 0.16 0.14 0.12 0.01 0.01 0.00 0.00
Lysobacter_daejeonensis 0.54 0.00 .00 0.00 0.06 0.07 0.00 0.00 0.00 0.00

unclassified_o_Acidimicrobiales 0.10 0.09 0.08 0.06 0.06 0.05 0.03 0.04 0.02 0.10
Agromyces_ramosus 0.13 0.18 0.07 0.05 0.06 0.04 0.01 0.03 0.01 0.04

unclassified_f_Pseudomonadaceae 0.35 0.00 0.00 0.03 0.05 0.02 0.00 0.11 0.06 0.01
uncultured_bacterium_g_Amaricoccus 0.12 0.08 0.06 0.06 0.09 0.06 0.03 0.05 0.01 0.07
unclassified_g_norank_f_OM1_clade 0.06 0.08 0.05 0.07 0.06 0.06 0.04 0.06 0.03 0.10

uncultured_bacterium_g_Methylibium 0.09 0.05 0.12 0.06 0.11 0.10 0.02 0.02 0.01 0.05
uncultured_bacterium_g_Vicinamibacter 0.11 0.13 0.06 0.01 0.08 0.07 0.02 0.04 0.02 0.07

unclassified_g_Paracoccus 0.08 0.05 0.06 0.05 0.17 0.16 0.00 0.03 0.00 0.01
uncultured_Bacteroidetes_bacterium_g_norank_f_Chitinophagaceae 0.18 0.14 0.05 0.04 0.05 0.03 0.00 0.03 0.02 0.06

Sphingobacterium_sp._21 0.02 0.55 0.00 - 0.01 0.01 - - 0.00 -
wastewater_metagenome_g_norank_c_Acidobacteria 0.08 0.13 0.07 0.03 0.06 0.06 0.02 0.06 0.01 0.07

unclassified_f_Micromonosporaceae 0.06 0.06 0.05 0.06 0.06 0.04 0.04 0.07 0.03 0.11
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Table A2. Cont.

Bacterial Species Name Bacterial Species Abundance (%) Per Sample

CS Ni PEXa PEXb SIPXa SIPXb M1a M1b M2a M2b

uncultured_Sedimentibacter_sp._g_Sedimentibacter 0.62 0.00 0.00 0.00 0.00 0.00 - 0.00 - 0.00
Sporosarcina_luteola 0.07 0.01 0.02 0.02 0.01 0.00 0.26 0.07 0.03 0.01

uncultured_bacterium_g_norank_f_Bradyrhizobiaceae 0.10 0.07 0.03 0.03 0.07 0.05 0.03 0.05 0.03 0.09
unclassified_g_Altererythrobacter 0.14 0.08 0.05 0.05 0.08 0.06 0.02 0.03 0.01 0.04

unclassified_g_Rhodococcus 0.11 0.11 0.03 0.02 0.08 0.04 0.05 0.02 0.03 0.05
Microvirga_sp._JC119 0.08 0.02 0.16 0.03 0.12 0.06 0.02 0.01 0.01 0.02

uncultured_Burkholderiales_bacterium_g_norank_o_SC-I-84 0.11 0.07 0.04 0.05 0.04 0.02 0.02 0.06 0.02 0.09
uncultured_bacterium_g_norank_f_BIrii41 0.11 0.11 0.05 0.03 0.06 0.03 0.03 0.03 0.02 0.04

Acidobacteria_bacterium_CB_286339 0.06 0.11 0.08 0.02 0.04 0.07 0.02 0.03 0.01 0.03
uncultured_bacterium_g_Paenisporosarcina 0.17 0.02 0.03 0.03 0.02 0.01 0.05 0.06 0.03 0.05

Paenibacillus_glycanilyticus 0.17 0.01 0.05 0.01 0.14 0.01 0.02 0.02 0.01 0.04
uncultured_soil_bacterium_g_Adhaeribacter 0.13 0.11 0.04 0.04 0.03 0.02 0.02 0.03 0.02 0.05

unclassified_f_Archangiaceae 0.09 0.12 0.07 0.02 0.06 0.04 0.01 0.01 0.02 0.03
unclassified_g_norank_f_Sporichthyaceae 0.13 0.07 0.03 0.04 0.03 0.04 0.01 0.03 0.02 0.06

Brevundimonas_alba 0.06 0.02 0.02 0.01 0.17 0.11 0.01 0.02 0.01 0.03
Acinetobacter_schindleri 0.00 0.00 0.00 - 0.01 0.08 0.00 0.01 0.27 -

uncultured_actinobacterium_g_Nocardioides 0.07 0.11 0.04 0.04 0.04 0.03 0.01 0.02 0.03 0.04
Arthrobacter_crystallopoietes 0.02 0.35 0.01 - 0.02 0.00 - 0.01 0.00 0.01

uncultured_bacterium_g_Geodermatophilus 0.10 0.05 0.06 0.04 0.04 0.04 0.01 0.03 0.01 0.04
uncultured_bacterium_g_Stenotrophobacter 0.11 0.06 0.03 0.01 0.03 0.04 0.02 0.03 0.01 0.06

unclassified_g_Exiguobacterium 0.02 - 0.00 0.10 0.00 0.05 - - 0.17 0.08
uncultured_Acidobacteriaceae_bacterium_g_RB41 0.05 0.11 0.05 0.01 0.04 - 0.01 0.03 0.01 0.03

Pseudoxanthomonas_mexicana 0.03 0.00 0.02 0.00 0.05 0.05 0.00 0.00 0.02 0.18
unclassified_g_Flavobacterium 0.02 0.02 0.03 0.03 0.11 0.04 0.02 0.02 0.01 0.03

Georgenia_muralis 0.07 0.20 0.01 0.00 0.01 0.00 0.00 0.01 0.00 0.02
Nocardioides_oleivorans 0.04 0.14 0.03 0.03 0.01 0.01 0.01 0.01 0.01 0.02

unclassified_g_Sphingobacterium 0.01 0.01 0.01 - 0.14 0.09 - 0.01 0.03 0.01
uncultured_bacterium_g_norank_f_Xanthomonadaceae 0.10 0.04 0.02 0.01 0.03 0.02 0.01 0.03 0.01 0.04

Lechevalieria_aerocolonigenes_g_Lechevalieria 0.03 0.20 0.02 0.00 0.02 0.02 0.00 0.01 0.00 0.01
unclassified_g_Leucobacter 0.00 0.28 0.00 - - - - 0.00 - -

uncultured_Firmicutes_bacterium_g_Paenibacillus 0.13 0.00 0.06 0.01 0.02 0.00 0.04 0.00 - 0.01
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Table A2. Cont.

Bacterial Species Name Bacterial Species Abundance (%) Per Sample

CS Ni PEXa PEXb SIPXa SIPXb M1a M1b M2a M2b

Clostridium_sp._SW002 0.26 - 0.01 - 0.00 - - - - -
Paenibacillus_timonensis 0.14 0.00 0.04 0.04 0.02 0.00 - 0.00 0.01 0.00

Brachybacterium_phenoliresistens 0.01 0.22 - 0.00 - - - - - -
uncultured_bacterium_g_Fonticella 0.23 - 0.00 - - - 0.00 - 0.00 0.00

Paenibacillus_harenae 0.05 0.01 0.10 0.01 0.01 0.00 0.01 0.01 0.00 0.00
uncultured_bacterium_g_Clostridium_sensu_stricto_7 0.23 - - - - - - - 0.00 -

unclassified_g_Clostridium_sensu_stricto_7 0.21 - - - 0.00 0.00 - - - -
unclassified_g_Cohnella 0.10 0.01 0.03 0.00 0.01 0.00 0.01 0.01 0.00 0.01

Clostridiaceae_bacterium_mt10 0.15 - - - 0.00 - - 0.00 - -
Ureibacillus_thermosphaericus 0.12 - - 0.00 0.00 0.00 0.00 - - 0.00
Clostridium_polyendosporum 0.12 - 0.01 0.00 0.00 - - 0.00 - -

unclassified_g_Ruminiclostridium_1 0.10 - 0.00 - 0.00 - - 0.00 - 0.00
Massilia_dura - 0.00 0.05 0.12 0.02 0.02 0.00 0.00 0.00 0.01

[Pseudomonas]_hibiscicola - 0.00 0.02 0.04 0.05 0.01 0.06 0.00 0.07 0.26
unclassified_g_Neochlamydia - - - 0.26 0.01 0.00 - - - -

others 13.4 13.7 10.1 8.02 8.85 8.60 4.14 7.22 3.13 11.46

The empty cells (-) indicate that the corresponding bacterial specie is absent or is less than 0.1% abundant in the corresponding sample.
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