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Copper mining tailings are characterized by high concentrations of heavy metals and an
acidic pH, conditions that require an extreme adaptation for any organism. Currently,
several bacterial species have been isolated and characterized from mining environments;
however, very little is known about the structure of microbial communities and how their
members interact with each other under the extreme conditions where they live. This work
generates a co-occurrence network, representing the bacterial soil community from the
Cauquenes copper tailing, which is the largest copper waste deposit worldwide. A
representative sampling of six zones from the Cauquenes tailing was carried out to
determine pH, heavy metal concentration, total DNA extraction, and subsequent
assignment of Operational Taxonomic Units (OTUs). According to the elemental
concentrations and pH, the six zones could be grouped into two sectors: (1) the “new
tailing,” characterized by neutral pH and low concentration of elements, and (2) the “old
tailing,” having extremely low pH (~3.5) and a high concentration of heavy metals (mainly
copper). Even though the abundance and diversity of species were low in both sectors,
the Pseudomonadaceae and Flavobacteriaceae families were over-represented.
Additionally, the OTU identifications allowed us to identify a series of bacterial species
with diverse biotechnological potentials, such as copper biocleaching and drought stress
alleviation in plants. Using the OTU information as a template, we generated co-occurrence
networks for the old and new tailings. The resulting models revealed a rearrangement
between the interactions of members living in the old and new tailings, and highlighted
conserved bacterial drivers as key nodes, with positive interactions in the network of the
old tailings, compared to the new tailings. These results provide insights into the structure
of the soil bacterial communities growing under extreme environmental conditions in mines.
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INTRODUCTION

Most of the well-known bacteria are adapted to moderate
physiological conditions, such as template temperatures, low
metal concentrations, and mostly neutral pH. Over the years,
our understanding of extremophile microorganisms adaptation
to live and thrive under extreme conditions has been expanded,
while microorganisms adapted to different extreme conditions
millions of years ago (Antranikian et al., 2005). In this context,
extremophiles can serve as a vestige to decipher how communities
of species have adapted to environmental changes suffered
throughout the Earth’s history, being a unique natural reservoir
to understand the structure of interactions within a community
which has survived extreme conditions.

Although there have been significant advances in the study
of extremophiles, it still remains a rather complex topic of
investigation due to difficulties in replicating the extreme
conditions in which these organisms live (Orellana et al., 2018).
In particular, mining environments, which exhibit a very acidic
pH and high metal concentrations, have been widely studied
over the years (Kishimoto et al, 1991; Bond et al., 2000).

In order to survive in the extreme miner environment,
microorganisms inhabiting mining environments employ different
mechanisms, such as changing the permeability of their
membranes to delay proton entry to their cytoplasm and thus,
control pH (Navarro et al., 2013). For heavy metal tolerance,
bacteria can form biofilms to solubilize minerals or expel heavy
metals from their cytoplasm (Alvarez and Jerez, 2004; Valdés
et al., 2008). These mechanisms have been mainly studied in
Acidithiobacillus ferrooxidans, a bacteria commonly found in
mining environments (Akinci and Guven, 2011). Examples of
other extremophiles that have been isolated from this environment
are as:  Leptospirillum  ferrooxidans,  Acidiphilum  sp.,
Acidithiobacillus ferrooxidans, Acidocella sp., and members of
the Proteobacteria phylum, among others (Edwards et al., 1999;
He et al., 2007; Xie et al., 2007; Gonzéalez-Toril et al., 2011;
Santofimia et al., 2013). Additionally, these extremophiles have
been widely used in biomining throughout the years.

As currently known, a very interesting characteristic of these
extreme microorganisms is that they form communities, in
which each species complements each other to adapt to the
environmental conditions. Specifically in the miner environment,
some studies have described communities of a microbial
community of a tungsten mine tailing (Chung et al., 2019),
and the shift of the microbial community in a revegetated
copper mine tailing (Yang et al., 2017), among others. In the
same line, our group has described how an acidophilic bacterial
community has adapted to its extreme environment and its
bioleaching potential (Bordron et al., 2016; Latorre et al., 2016;
Hart et al., 2018). These kinds of studies have also been made
in acid mine drainages (Baker and Banfield, 2003; Teng et al.,
2017; Zhang et al., 2021).

In general, the microbial community found in mines displays
a low microbial abundance, with few microbial families or phyla
covering the majority of the diversity (Tyson et al,, 2004; Latorre
et al, 2016). In this environment, most of the microorganisms
that carry out the mineral degradation process are autotrophic;

however, heterotrophic microorganisms are also present and live
off the waste produced by the autotrophs (Rawlings, 2005). In
addition, other microbial processes that allow an improved
attachment to minerals have been studied, such as the degradation
of organic metabolites by Acidiphilium multivorum to protect
chemolithoautotrophs from the toxicity of these metabolites, or
biofilm formation by Leptospirillum, Acidithiobacillus, and
Sulfobacillus species among others (Latorre et al., 2016).

Among the set repertoire of extreme environments are those
generated by humans, such as waste generated by mining
activities. These wastes are mainly composed of finely ground
rock and water and are known as mine tailings. These tailings
often contain between 12 and 20% of the minerals that could
not be recovered from the ore, and thus, contain a high
concentration of heavy metals and an extremely low pH
(Oluwasola et al., 2014). These characteristics make tailings
favorable for finding unique acidophile and heavy metal-resistant
extremophiles with potential biotechnological applications, which
continues to be a poorly explored extreme scenario in terms
of the characterization of their bacterial communities.

The study of bacterial communities usually begins with 16s
rRNA gene sequencing. With this data, Operational Taxonomic
Units (OTUs) can be identified and co-occurrence networks
can be constructed (Faust and Raes, 2016). The analysis of
these networks can then be used to describe the different
interactions between the members of the bacterial community,
and the comparison between networks from different
environments allows the identification of relevant species.
Bacterial “drivers” are species that are poorly conserved among
the different environments, while bacterial “stabilizers” correspond
to those showing high conservation rates in different sites
(Kuntal et al., 2019). This information can be useful to describe
possible interdependencies between each member of
bacterial communities.

In this study, we analyzed samples from six different zones
belonging to the Cauquenes tailing, the largest copper waste
deposit worldwide generated from “El Teniente” mine in the
O’Higgins region in central Chile. In each sample, the heavy
metal concentration and pH were determined. Next, total DNA
extraction was carried out and sequenced, and OTUs were
assigned to evaluate the different interactions of the bacterial
communities in this tailing, through the construction of
co-occurrence networks.

MATERIALS AND METHODS

Sample Collection

Tree replicated soil samples (~100g each) were collected in
January 2020 (austral summer) under sterile conditions from
the upper 5 to 10cm of the soil surface at six distinctive
zones: zones 1-6 (18 samples in total). Each replicate of soil
was homogenized in situ before storage. From each replicate,
a subsample of 50g was immediately stored on dry ice for
microbial analyses (stored during approximately 1 week), while
another subsample of 50g was air-dried, sieved (< 2mm),
and stored for physicochemical analyses.
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Soil DNA Extraction

DNA was extracted from subsamples collected from each
of the three soil samples at each site using the Qiagen kit
DNeasy Blood and Tissue, combining the manufacturer’s
instructions and the CTAB-based method (Zhou et al., 1996).
Five grams of soil were resuspended in 5 ml extraction buffer
[100 mm Tris-HCI; pH 8, 100mm Na EDTA; pH 8, 100 mm
Na,HPO,, 1.5M NaCl, and 1% (w/v) CTAB] and then 25pl
of proteinase K was added and mixed by vortex, followed
by incubation at 65°C for 2h, with constant mixing. The
mixture was centrifuged at 4000xg for 10min at room
temperature and the supernatant fluid was transferred to a
clean tube, to which 0.5 volume of ethanol 100% was added.
Then, the samples were vortexed for 10s and the mixture
was transferred into a DNeasy mini spin column to continue
the kit protocol. Concentrations of DNA were evaluated
with a Nanodrop. Microbial DNA was amplified using a
bacteria-specific primer set, 28 F (5-GA GTT TGA TCM
TGG CTC AG-3’) and 519 R (5-GWA TTA CCG CGG
CKG CTG-3"), flanking variable regions V1-V3 of the 16S
rRNA gene (Turner et al., 1999), with barcode on the forward
primer. Amplification was performed using the promega
GoTaq® G2 Flexi DNA Polymerase Mix, under the following
conditions: initial denaturation at 94°C for 3 min, followed
by 28cycles, each set at 94°C for 30s, 53°C for 40s and
72°C for 1min, with a final elongation step at 72°C for
5min. After amplification, PCR products were checked in
2% agarose gels to determine the success of the amplification
and then stored at —20°C until DNA analyses.

Soil Physicochemical Measurements

For the measurement of nutrients and pH, five grams of sample
were placed in a sterile 15ml tube; then, 1:1 (w/v) distilled
water was added (Thomas and Wimpenny, 1996). The samples
were homogenized for 2h at room temperature and then
centrifuged at 12000g for 5min. The soluble fraction was
recovered. The pH quantification was performed directly from
the soluble fraction. Nutrient measurement was performed
using 500ul of the soluble fraction using the Total Reflection
X-Ray Fluorescence spectroscopic technique, following a
previously described protocol (Tapia et al., 2003).

16S rRNA Gene Amplification and
Sequencing

Each sample was sent to the Mr. DNA company for
amplification and subsequent sequencing of the 16S rRNA
gene, using the Illumina® MiSeq kit. This service was
performed by sequencing the V3 and V4 hypervariability
region. The sequences were processed following previously
described protocols (Handl et al., 2011). The sequences were
overlapped and grouped by samples, to later eliminate the
“barcode” segments of the sequences. Sequences less than
150 bp or with ambiguous base allocation were not considered
for further analysis. The sequences accepted as valid were
grouped using the UClust algorithm (v2.22) with 4%, in
order to eliminate chimeras and groups with a single sequence

(singletons; Edgar, 2010). After being processed, the sequences
obtained were analyzed with the Quantitative Insights Into
Microbial Ecology 2 Program (Caporaso et al., 2011), using
the “qiime feature-classifier classify-sklearn” protocol. The
sequences were then compared against Greengenes databases
(Mcdonald et al., 2011), using 97% similarity, directly assigning
the taxonomy from the closest match. To assign the OTUs,
they were filtered by a minimum of four reads (readings)
per sample, eliminating those OTUs corresponding to
mitochondria, chloroplasts, and not classified within the of
bacterial range. The rarefaction analysis was performed using
the “qiime diversity alpha-rarefaction” code, setting the
number of readings at the lowest obtained from the samples.
To obtain the alpha diversity, the Shannon and evenness
index were calculated, using the code “qiime diversity core
metrics phylogenetic” To construct the phylogenetic tree,
we generated a tree file from the previously taxa obtained
using the “qiime phylogeny align-to-tree-mafft-fasttree” code
and visualized the associations using the Interactive tree of
life (ITOL) platform (Letunic and Bork, 2021). All sequence
data used in this study have been deposited in the Sequence
Read Archive of the National Center for Biotechnology
Information under the BioProject accession number
PRJNA769703.

Construction of Co-occurrence Networks

The construction and subsequent visualization of the networks
were carried out with the Cytoscape (v3.7.1) program (Shannon
et al., 2003), using the CoNet plugin (Faust and Raes, 2016).
The networks were constructed with the abundance tables
obtained from the processing and analysis of bacterial
sequences. To examine the structural association between
the OTUs and soil physicochemical and nutritional parameters,
we included the pH, micro and macronutrients as network
nodes. We selected these physicochemical and nutritional
parameters for the network display because they unveiled
the association of OTUs in the six sampled sites of tailings,
revealing important factors for bacterial growth (Russell and
Cook, 1995; Moore and Helmann, 2005; Porcheron et al.,,
2013). To avoid noise caused by low presence OTUs,
we removed those above zero values in the abundance data
table (row_minocc filter=3). Subsequently, the data were
normalized to avoid effects produced by differences in
sequencing depth. With this in mind, four methods were
used for the construction of the networks. In order to obtain
similarity measures, we used two dissimilarity indices (Bray
Curtis and Kullback-Leibler) and two correlation indices
(Pearson and Spearman). The first threshold was set to
generate an initial network containing 50 positive edges
and 50 negative edges, derived from the scores obtained in
the four similarity measures. To generate the final network,
we performed a permutation and bootstrapping with 100
iterations. The Cytoscape program was used to visualize
the networks, as well as to obtain the number of nodes,
clustering coefficient, average path length, and density. Finally,
drivers from both networks were obtained using the Netshift
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program (Kuntal et al., 2019), available at https://web.rniapps.
net/netshift/webpage.

RESULTS AND DISCUSSION

Soil Elemental Composition in Different
Cauquenes Tailing Zones

The Cauquenes tailings dam has an entire dimension of 12.5km?
and is one of the oldest copper tailings in the world, containing
360 million tons of waste from copper mine exploitation, stored
since 1936. To analyze the heavy metal concentration and pH,
six different extraction points, from zone 1 (start site) to zone
6 (tail or end site), were selected, covering the principal location
inside the tailing (Figure 1). Table 1 describes the different
physicochemical characteristics of each sampled zone.
We designated zones 1, 5, and 6 as “new tailings”; zones 2,
3, and 4 as “old tailings” and found great differences regarding
the acidity of the soil and micronutrient concentrations. In
particular, the old tailing zones had a higher concentration
of Zn, Mn, and Fe compared to the other zones. Of special
interest were the variations in acidity and Cu concentrations
(highlighted in red), which, as previously stated, are
environmental conditions in which acidophilic bacteria (such
as bioleaching bacteria) can live and thrive (Kishimoto et al,
1991; Bond et al., 2000). Specifically, the old zones had an
acidic soil pH and high Cu concentrations, while the new
zones had relatively neutral soil pH and low Cu concentrations.
Notably, zones 2 and 3 showed a higher concentration of Cu
than other mining sites, such as those found in a heap leaching
site from a copper mine in China (Xie et al., 2007), in water
samples from a copper mine in China (He et al, 2007) and
in copper mine waters from an abandoned copper mine in
Wales (Hallberg et al., 2006). Mainly, zones 2 and 3 correspond
to an old sector of the tailing, in which high concentrations
of the mineral are expected, due to the extraction techniques

employed at the beginning of the exploitation of “El Teniente”
mine. On the contrary, zones 1, 5, and 6 correspond to the
most recent exploitation (lasting no more than 30years).

By performing clustering and principal component analysis
(PCA), we found that the 6 zones can be grouped into two
subgroups, according to the previously mentioned characteristics
(Figures 2A,B). As expected, zones 1, 5, and 6 showed a very
tight grouping, in both dendrograms and PCA, distancing
themselves from the other zones. On the other hand, although
zones 2, 3, and 4 were grouped together in the dendrogram,
the PCA allowed us to spot some differences between them.
For example, zones 2 and 4 were highly similar regarding
PC1, but distanced themselves from zone 3. These three zones
also showed different grouping in the PC2; as shown by the
arrows in the figure, these differences could be due to the
different concentrations of Ni, Fe, Mn, P, and Zn in these
zones. This grouping may be due to the longevity of the sampled
sites. As mentioned before, zones 2, 3, and 4 correspond to
an old sector of the tailing, in which mineral concentrations
are higher than in the other zones. On the other hand, the
low concentrations of Cu measured in zones 1, 5, and 6 may
reflect highly efficient extraction techniques that are currently
employed, which allows little of the metal to remain in the waste.

Microbiome Abundance and Diversity

The taxonomic classification of the bacterial community in
the sampled zones encompassed 17 families (Figure 3A). The
relative abundance in all zones was rather low, represented
mainly by three bacterial families: Pseudomonadaceae,
Flavobacteriaceae, and Erwiniaceae. We expected to find a
higher diversity in the neutral-pH zones (zones 1, 5, and 6),
since other studies had previously reported that neutral-pH
environments exhibit greater bacterial diversity when compared
to with acidic soil environments, such as those of zones 2, 3,
and 4 (Fierer and Jackson, 2006; Xiao et al., 2021). In terms
of representation, there was an overrepresentation of the

34°21's

FIGURE 1 | Geographical location of the study and sampling sites. Spatial coordinates of each sampling zone in the Cauquenes tailings. The red zone in the map

corresponds to the miner operational labor (restricted access).
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TABLE 1 | Total elemental concentrations from soluble soil extracts.

New tailing Old tailing

Element (mg/L)

Zone 1 Zone 5 Zone 6 Zone 2 Zone 3 Zone 4
Br 0+0 0+0 0+0 08+0 0.8+0.1 01+0
Ca 142.3£17.2 64.9+9.5 82+25 665 + 98.4 112.2+9.8 69.1+7.1
Cu 0+0 0+0 0+0 1657.3 £211.9 31566 £11.2 77.4+£12.8
Fe 0.1+0 02+0 0.5+0.1 19.3+1.1 58.7+7.7 1.8+0
K 223+34 356+28 19.1 £0.3 52 £2.6 266+1.4 41+£06
Mn 00 0+0 00 19+0.8 200.9 +1.9 1.8+0.1
Na 10.1 £ 0.2 125+16 141 +£0.6 207.8 + 34.7 263.5 + 19.1 323+44
Ni 00 0+0 0+0 128 £2.2 05+0 02+0
P 1.7+£01 0.9+0.1 19+£02 68.9=+7 45+04 1.7+£03
Zn 0+0 0+0 02+0 184.8+£0 13590 09+0
pH (unit) 6.3+0.1 5.7 +0.1 6.6 +0.1 3.7+ 0.1 3.3+0.1 42+0

Data correspond to the pH, and soluble micro- and macroelement concentrations present in the water extract from soil sampling zones.

Pseudomonadaceae family in the six zones, an expected result
considering previous results from different heavy metal soil
samples, including mine tailings (Gagnon et al.,, 2020; Huang
et al,, 2021). The relative abundance of the Erwiniaceae family
differed between zones, having a higher abundance in zones
2, 3, and 4 (old tailings). The high concentration of metals
(mainly Cu) could explain this shift in abundance. There are
only a few reports about Erwiniaceae family survival on high
Cu concentrations (Sholberg et al., 2001; Vegetale and Pathology,
2016), which also support their higher representation in the
older zones. The relative abundance of the Flavobacteriaceae
family remained mainly constant in the six sampled zones,
and the “other” groups were composed of Micrococcaceae,
Oxalobacteraceae, and  Acetobacteraceae, among others.
Interestingly, we were able to identify bacterial species with
biotechnological potentials, such as bioleaching of metals (Erwinia
spp.; Tsuruta, 2004), alleviation of drought stress in crop growth
(Arthrobacter spp.; Nordstedt and Jones, 2020), biodegradation
of oil (Pseudomonas spp.; Abalos et al., 2004), and biosynthesis
of secondary metabolites (Flavobacteriia spp.; Kraut-cohen et al.,
2021), among others. Overall, different soil samples of the
same tailing can harbor different types of microbial communities,
and these differences may be due to the acidity of the environment
or micronutrient concentrations. This result was expected, since
variations in soil pH are related to changes in bacterial
communities (Lauber et al., 2009; Mandakovic et al., 2018).
In addition, our results show that the relative abundance of
bacterial families in this extreme environment is rather low,
confirming the results of microbial diversity in acid mine
drainages (Baker and Banfield, 2003; Tyson et al., 2004), or
in heavy metal-contaminated soils (Li et al., 2017; Tseng et al.,
2021). Additionally, the soil micronutrient composition or other
environmental factors, such as temperature or oxygen availability,
could explain the low relative abundance of some bacteria
(Landesman et al., 2014; Freedman and Zack, 2015).

When the genera were analyzed in the new and old tailing,
the results were like those observed previously, where the
predominant genera are Pseudomonas, Flavobacterium, and
Erwinia, occupying more than 95% of the total abundance,
with patterns like those mentioned above. Other members of

the community, which have an abundance of less than 1%
but have a higher abundance in the old tailing’s areas, belong
to the genera Acidocella, Burkholderia, and Serratia. In this
regard, it has been observed that members of the genus
Acidocella are commonly found in acid tailings and can reduce
different metals (Saglam et al, 2016). Similarly, it has been
observed that Burkholderia and Serratia have the ability to
resist high concentrations of heavy metals, such as cadmium
for Burkholderia and cadmium, cobalt, and zinc for Serratia
(Zelaya-Molina et al., 2016; Wang et al., 2019).

These results indicate the great biotechnological potential
in the members of the bacterial community, in genera of great
abundance, as well as in different members of the community
with a small representation in the bacterial environment.

Phylogenetic and taxonomical relationships between each
OTU were visualized with the iTOL tool (Figure 3B). OTUs
belonging to the “Other” families were the most predominant,
Pseudomonadaceae and Flavobacteriaceae were the second most
prevalent, and Erwinia was the least predominant one. Relative
bacterial abundance and bacterial diversity from the sampled
sites were drastically different. On the one hand, the relative
abundance was dominated by bacteria from the
Pseudomonadaceae family, while bacterial diversity was led by
bacteria from the “Other” families. This may be attributed to
the number of bacterial species belonging to each family (i.e.,
the Pseudomonadaceae family had fewer bacterial species than
the “Other” families). We also calculated the Shannon index
and evenness to evaluate the diversity of each zone. Both values
were similar for each sample (~2 and ~0.35, respectively). These
values, together with the abundance values, indicate that although
the samples harbor a diverse microbiome, the highest percentage
of abundance was occupied by a few OTUs, which in this
case, belong to the Pseudomonadaceae family.

Co-occurrence Network Models of the
New and Old Tailings

To determine the interactions of the microbiome communities,
we constructed co-occurrence networks. Figure 4 shows the
models constructed using the abundances of each OTU, also
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FIGURE 2 | Similarity between each sampling site. (A) Dendrogram detailing the grouping of the six zones. (B) Principal component analysis of the
physicochemical characteristics of each sampling site. Arrows represent how strongly each characteristic influences the principal components.
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including the physicochemical properties of each zone (pH
and element concentrations). Both networks presented a similar
structure in the number of nodes (80 and 76 for networks 1
and 2, respectively), as well as a similar number of edges (106
and 108, respectively). When comparing the networks,
we observed that both of them shared most of the nodes
(more than 80%). However, only 2% of the edges (connectivity)
were similar in both networks, indicating the occurrence of
significant reconfiguration in the interactions established by
the members of the microbiome between the networks.
When analyzing the topological properties, we observed that
they present a large number of common elements in both

networks, such as a characteristic path length (1.893 and 1.934,
respectively), density (0.429 and 0.451, respectively), heterogeneity
(0.333 and 0.358, respectively), and centralization (0.190 and
0.192, respectively). Interestingly, we observed a change in the
value of the clustering coefficient (0.521 and 0.789, respectively),
indicating that although both networks present a significant
amount of similarities, a reordering mechanism changes the
interactions between the members of the networks.

In general, we observed an evident fragmentation inside
the community in the old tailings network, which could
be related to the change of soil acidity and the high concentration
of metals present. In this regard, a study conducted in Mountain
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edge, a negative one. The red node border highlights the driver member.

FIGURE 4 | Microbial co-occurrence networks. (A) Old tailing network, composed of zones 2, 3, and 4. (B) New tailing network, composed of zones 1, 5, and 6.
Both networks were constructed using the abundance of each site, as well as the micronutrients and pH, respectively. The square nodes correspond to the
physicochemical values, and the circular nodes, to the respective OTUs. For the latter, color nomenclature was defined based on the family of each out: light Brown,
Pseudomonadaceae; dark Brown Erwiniaceae; light salmon Flavobacteriaceae; and wheat Other families. Green edge indicates a positive correlation and the red

Gongga, China (Li et al., 2020) showed similar results, where
sites with a higher soil pH had a more connected network,
while a decreased pH caused a reduction in network collapse,
thus decreasing network interactions. In addition, soil pH could
shift a series of intracellular biochemical pathways, impacting
microbial enzymatic activities (Stark et al., 2014), which could
then affect the indirect interactions established between the
members of the microbiome, through either the decrease of
secondary metabolites or harmful molecules for the members
of the interaction network.

In terms of the interactions between the OTUs and the
abiotic characteristics, we observed Cu, Zn, Na, and Ca the
elements and a variable pH in the old tailings, which are
highly connected with members of the community. In particular,
Cu and Zn present a greater positive interaction with OTUs
from the Flavobacteria and Gammaproteobacteria class, as well
as a greater positive interaction between both classes. As shown
in Table 1, these elements in the older tailings are present at
high concentrations. An increase in these positive interactions
may be due to the increase in the concentration of metals in
the old tailings, suggesting commensalism between species,
which allows greater adaptability to environments with high
concentrations of metals, especially Cu. Accordingly, previous
studies in a Cu mine drainage in the Jinsha River, China
showed that there is an increase in positive interactions between
members of the microbiome contaminated with large amounts
of Cu and other metals, compared to uncontaminated areas
(Yuan et al., 2021). Therefore, an excess of metals can produce
a change in microbial interactions, increasing positive interactions
between members of the microbiome (Yin et al, 2015; Li
et al, 2017). Furthermore, these interactions allow better

adaptation and growth of bacteria in environments with large
amounts of metals (Pande and Kost, 2017).

To determine putative keystone nodes in the networks,
we used the Netshift application (Kuntal et al., 2019). This
application allowed us to identify only drivers between the
networks (previously defined as conserved nodes in both
networks), which significantly change their connectivity with
other members of the community when comparing the old
and new tailings. We found five key nodes, of which three
belonged to the Flavobacteria genus, one corresponded to the
Erwinia genus and the last one belonged to the Pseudomonas.
These key nodes also showed an increase in positive interactions
in the network of the old tailings, compared to the new tailings,
indicating a possible increase in mutualistic relationships between
the key nodes and their direct neighborhood (Faust and Raes,
2012). As previously reported, members of the Flavobacteria
genus are capable of producing different types of secondary
metabolites, which can participate in different cell protection
pathways, such as oxidative stress (Nishimura et al, 2017;
Enisoglu-Atalay et al, 2018), which is normally increased in
the extreme environment of the old tailings, in order to help
the bacterial community to increase its resistance to hostile
environments. As reported, members from the Erwinia genus
exhibit properties that allow them to survive in these hostile
environments; these bacteria also participate as key nodes in
the network, including the ability to bioleach and reduce
different metals (Tsuruta, 2004). In the case of the Pseudomonas
genus, they present a high resistance to metals and participate
in their reduction (Huang et al., 2016), allowing them to
generate a better microenvironment for their bacterial
neighborhood. Of note, this characteristic highlights their
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possible use in biotechnology for soil remediation. The
Flavobacteria and Erwinia genera only occupied between 1
and 8% of the observed abundance, indicating the importance
of the rare taxa within the bacterial community. Finally, we were
able to identify a total of 32 OTUs belonging to rare taxes,
so future studies are necessary to further understand the
participation of this bacterial species in the miner communities
(Campbell et al.,, 2011; Jousset et al., 2017).

CONCLUSION

In this study, samples from six different sectors of the
“Cauquenes” copper mine tailings were evaluated in order to
obtain a better understanding of the extreme environment in
which extremophile bacteria survive. By doing several in silico
analyses, we found that the tailings could be divided in two
different sectors: the new tailings, which has a neutral pH
and low metal concentration, and the old tailings, which has
high metal concentration and acidic pH. In general, the bacterial
abundance was low in both sectors, represented mainly by
the family Pseudomonadaceae, followed by the Flavobacteriaceae
and Erwiniaceae families. Bacterial diversity was led by bacterial
species from the “Other” bacterial family group (which
encompassed families with <%5 of relative abundance). By
constructing co-occurrence networks, we determined the
interactions of the microbial community and revealed the
occurrence of rearrangements in the interactions between the
new and the old tailings, which is related to the change in
metal concentrations and the decrease in pH of the old tailings
We also detected five keystone nodes in the networks, which
also promise an interesting biotechnological potential. In
summary, our work provided one of the first studies of
microbiome description in mine tailings, providing novel
insights about the interactions of the microbial community
in extreme environments.
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