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Abstract: Acid mine drainage (AMD) is a common environmental problem in many sulphide mines
worldwide, and it is widely accepted that the microbial community plays a major role in keeping
the process of acid generation active. The aim of this work is to describe, for the first time, the
microbial community thriving in goethite and jarosite Fe precipitates from the AMD of the Libiola
mine. The observed association is dominated by Proteobacteria (>50%), followed by Bacteroidetes
(22.75%), Actinobacteria (7.13%), Acidobacteria (5.79%), Firmicutes (2.56%), and Nitrospirae (1.88%).
Primary producers seem to be limited to macroalgae, with chemiolithotrophic strains being almost
absent. A phylogenetic analysis of bacterial sequences highlighted the presence of heterotrophic
bacteria, including genera actively involved in the AMD Fe cycle and genera (such as Cytophaga
and Flavobacterium) that are able to reduce cellulose. The Fe precipitates constitute a microaerobic
and complex environment in which many ecological niches are present, as proved by the wide
range of bacterial species observed. This study is the first attempt to quantitatively characterize the
microbial community of the studied area and constitutes a starting point to learn more about the
microorganisms thriving in the AMD of the Libiola mine, as well as their potential applications.

Keywords: heterotrophs; Fe-oxidizing bacteria; extreme acidic environment; Proteobacteria; Aci-
dobacteriaceae; jarosite and goethite

1. Introduction

Acidic discharge from mining areas is one of the most important sources of the
contamination of surface waters and soils. Such acidic solutions, generally known as acid
mine drainage (AMD), mainly derive from the dissolutive oxidation of the Fe sulphides
pyrite and pyrrhotite, which are the most common and widespread sulphides present
in ore deposits [1]. AMD is characterized by very low pH values (usually in the range
between 2–3) and high concentrations of dissolved elements [2,3]. The oxidation of Fe
sulphides is a complex phenomenon involving chemical, biological, and electrochemical
reactions. The main oxidants of sulfides are Fe3+ ion under acidic conditions and dissolved
oxygen at circumneutral pH because of the diminished solubility of Fe3+ [4]. In AMD, the
dissolution of pyrite driven by the Fe3+ ion can be schematized according to the reaction:

FeS2 + 14Fe3+ + 8H2O→ 15Fe2+ + 2SO4
2− + 16H+ (1)

The oxidation of Fe2+ to Fe3+ by oxygen is T-dependent, but it is usually negligible [5],
and the regeneration of the Fe3+ ion below pH 4 is guaranteed by microbial organisms.
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Therefore, it is possible to state that acidophilic Fe-oxidizing microorganisms play a funda-
mental role in the processes of AMD formation [6].

Many microorganisms can be found in AMD, and this biodiversity is justified by the
wide range of pH, temperature, and oxygen content in AMD from site to site [7–9].

The majority of acidophiles are prokaryotic microorganisms, including a large variety
of bacteria and archaea [10,11]. Dissolved Fe2+ is predominant in AMD and the majority
of the microorganisms found in AMD exploit Fe2+ as an electron donor. Many of these
Fe-oxidizing microorganisms act as pioneer primary producers in AMD waters, fixing CO2
into organic matter [7,12]. In the group of acidophilic Fe-oxidizing bacteria, it is possible to
find highly specialized genera such as Leptospirillum, which only oxidizes Fe2+ in aerobic
conditions, together with other bacteria such as Acidithiobacillus, which can grow in both
aerobic and anaerobic conditions and which can use different energy sources [10].

In the microbial ecology of these peculiar environments, the presence of primary
producers such as autotrophic bacteria and algae supports the stabilization of a large
population of heterotrophic acidophiles. Many heterotrophs able to reduce Fe3+ [12] also
belong to this community; they usually play a minor role in the geochemistry of AMD,
whereas it is generally accepted that they contribute to creating a more suitable environment
for the Fe-oxidizing bacteria by removing organic compounds that can be toxic [12].

Studies on the role of microorganisms in AMD are fundamental in the development
of AMD management strategies. In addition, the scientific outcomes of this research are
also relevant in the field of bioleaching, which is considered a mature hydrometallurgical
technology for the recovery of metals [13]. This process is gaining increasing importance
because it is cheaper than traditional roasting and smelting, and it is more environmentally
friendly. Strains isolated from AMD are used for the extraction of many metals from
minerals [13–15] and from artificial wastes such as fly ashes [16], oil-fired ashes [17], and
steel slag [18]. Recently, a natural bacterial association dominated by Acidithiobacillus thioox-
idans and Acidithiobacillus ferrooxidans was isolated from the Libiola mine area and used
for hydrometallurgical purposes [16,18]. Other microorganisms isolated from the Libiola
mine area, such as microfungi, were recently studied for their ability to uptake elements of
interest [19]. Apart from the abovementioned study, no extensive characterization of the
microbial community of the studied area has been performed. This paper aims, for the first
time, to characterize the microbial community in the Fe-bearing precipitates of the Libiola
AMD mine [20], giving a preliminary picture of the bacterial community of the area. The
strongly interdisciplinary field of bio-geo-interactions, spanning from the microorganism
to the mineral, holds much promise for future developments in both basic research and
applied sciences.

2. Materials and Methods
2.1. Study Area and Sampling

The study area was the abandoned Libiola copper mine, located about 8 km NE of Ses-
tri Levante (Eastern Liguria, Italy). The Libiola mine was already exploited in the sixteenth
century, but evidence of ancient mining dating back to the early Copper Age (second half
of the fourth millennium BC) has been observed [21]. In the modern age, official mining
activity started in 1864 and ended in 1962, basically because of decreasing copper value
and the high cost of infrastructural maintenance and repair. The mineralization is hosted
inside basalts and consists of bodies of pyrite and chalcopyrite, with subordinate pyrrhotite
and sphalerite, underlain by gabbros and serpentinites [22,23]. The mine complex develops
over 30 km of underground excavations, 18 galleries and over 30 vertical shafts, and 3 major
open pits. Inside the mine area, which extends over an area of approximately 4 km2 inside
the catchment area of the Gromolo creek, five main waste-rock dumps and several minor
deposits are located in proximity to the main mine adits. The sampling point (44◦18′32′′ N,
9◦26′32′′ E) is outside the longest tunnel in the mine area, called the Ida adit (Figure 1), and
it is representative of Fe-rich AMD precipitates with very low pH values (generally 2.4–2.7).
After ≈20 m, these waters merge with the uncontaminated waters of the Gromolo creek
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near the confluence of the Rio Boeno, making this site very interesting for the evaluation of
environmental conditions.
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Figure 1. (a) Simplified sketch of the Libiola mine area and location of the Ida adit; red star and inset.
(b) and merging with the uncontaminated waters of the Gromolo creek; red dot and inset. (c) location
and picture of the sampling point of the precipitates (Ida adit).

The precipitate sample was collected by a plastic syringe, stored in polypropylene
bottles, filtered through 16 µm filters, and air-dried at room temperature. The pH of the
AMD was measured in the field using a portable pH meter (WTW PH330i; Xylem Analytics,
Weilheim, Germany).

To obtain the mineralogical composition of the sample, its XRD diagram was collected
at the University of Copenhagen using a Bruker-AXS D8 Advance diffractometer (Bruker,
Billerica, MA, USA) equipped with a primary-beam Ge111 monochromator, Cu tube (Kα1
wavelength: 1.54059 Å) and a silicon-strip detector (Lynxeye, Bruker, Billerica, MA, USA).
The pattern was collected in reflection Bragg–Brentano geometry between 2◦ and 90◦ 2θ
with a step of 0.02◦ and a measuring time of 4 s/step. The sample was mounted in rotating
sample holders with a sample thickness of 2 mm. To cut off fluorescence caused by high Fe
concentration, the energy window of the detector was raised. The sample was air-dried
and ground with an agate mortar and pestle to prepare it for chemical analyses. The
concentration of Fe was determined by ICP-ES on 1 g of samples digested in hot aqua regia,
whereas the concentration of all other elements (Al, As, Ca, Co, Cr, Cu, K, Mg, Mn, Na, Ni,
P, Pb, Ti, V, and Zn) was determined by ICP-MS on 0.5 g of sample after modified aqua regia
digestion (ISO 15587) at Bureau Veritas Mineral Laboratories (Vancouver, BC, Canada).

2.2. DNA Extraction and PCR

For metagenomics analysis, 50 mL samples were collected in triplicate in sterile
polypropylene tubes from the same site of the mineralogical analyses indicated in Figure 1
and frozen at −20 ◦C until the extraction of DNA. The genomic DNA of each sample was
extracted with a Nucleospin soil kit (Macherey-Nagel GmbH & Co. KG, Düren, Germany).
The suspension present in the samples was first centrifuged for 10 min at room temperature
at 2000× g and then to each 500 mg of sediment present in the pellet were added 700 µL of
SL2 lysis buffer combined with 150 mL of SX Enhancer reagent, present in the extraction kit,
directly in the NucleoSpin® Bead Tube. The samples were lysed in TissueLyser® (Qiagen,
Hilden, Germany) for 5 min at 30 Hz. The extraction steps were performed according to
the manufacturer’s instructions. Finally, the genomic DNA was eluted with 100 µL of 80 ◦C
pre-warmed 5 mM Tris/HCl, pH 8.5. The extracted genomic DNA obtained from each
500 mg of sediment was pooled and subjected to a phenol/chloroform/isoamyl alcohol
further purification step, followed by absolute ethanol precipitation in the presence of 0.3 M
sodium acetate solution, pH 5.2. The final genomic DNA sample was resuspended in 100 µL
of 5 mM Tris/HCl, pH 8.5. The DNA concentration was measured using a NanoDrop
ND-1000 UV–Vis spectrophotometer (NanoDrop Technologies, Wilmington, DE, USA) and
then stored at −20 ◦C. Two hundred fifty nanograms of purified genomic DNA were run
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on 1% agarose gel to evaluate its integrity. To verify the presence of possible Polymerase
Chain Reaction (PCR) inhibitors, 20 ng of DNA were amplified using bacteria universal
primers (27F: AGAGTTTGATCCTGGCTCAG and 1492R: GGYTACCTTGTTACGACTT)
developed by [24]. The thermal profile was 95 ◦C for 2 min, followed by 25 cycles at 95 ◦C
for 30 s, 55 ◦C for 30 s, and 72 ◦C for 60 s, and extended at 72 ◦C for 5 min.

Five micrograms of purified genomic DNA were finally used for sequencing the 16S
ribosomal DNA (rDNA) gene for taxonomic classification. The metagenomic sequencing
library was prepared by PCR amplification of the V3 and V4 variable regions of the 16S
rDNA gene from most of the groups of bacteria, using the universal primers set from Nad-
karni et al. (2002) [25] 16S_univFor: 5′-CCTACGGGAGGCAGCAGT-3′ and16S_univRev:
5′-GACTACCAGGGTATCTAATCCTGTT-3′). The pooled amplicon library was then se-
quenced on an Illumina MiSeq (Roche, Basel, Switzerland) platform with 2 × 300 bp
chemistry by BMR Genomics Company (Padova, Italy).

2.3. Sequence Analyses

The initial reads’ quality was checked with FastQC v. 0.11.5 [26]. PEAR v. 0.9.8 [27]
was used to merge the forward and the reverse reads, first filtering the reads with a
minimum quality score of 25 and allowing the reads to assemble when a minimum overlap
of 10 base pairs occurred. The merged fragments were further filtered for quality and
trimmed for length to increase the overall quality of the library. Trimmomatic v. 0.36 [28]
was used to process the fragments. In this case, the quality of 25 was checked over a
window of 10 nucleotides, and the minimum length was set to 250 base pairs.

The Quantitative Insights Into Microbial Ecology pipeline (Qiime, v. 1.9) [29] was
used to perform the microbiome analysis, starting from processed DNA data. It was
used first to further smooth the sequence quality, remove homopolymers, and trim the
primers with an allowed mismatch of 4. Then it was used to identity and remove chimeric
sequences, using the program USEARCH v. 6 [30], implemented in the pipeline. The
OTUs were built using a closed-reference strategy; entries from the Greengenes reference
database v. 13.5 [31] were used as seeds to build clusters in which the sequences were 97%
similar. The taxonomic affiliation was determined via BLAST method (e-value: 0.00001).
Statistical downstream analyses were mostly performed within R [32], using vegan [33]
and phyloseq [34] packages.

3. Results
3.1. Mineralogical Characterization of the Sample

The sample of AMD precipitates was collected immediately after red water emission
from the Ida adit. The XRD diagram (Figure 2) highlights the presence of nanoscopic
goethite (α-FeOOH) and jarosite (KFe3(SO4)2(OH)6). These two minerals are commonly
found in AMD, and their presence has already been reported in the studied area [35,36].
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The bulk chemistry composition of the IDA sample is reported in Table 1. The
chemistry is dominated by Fe, which accounts for more than 50% of the sample. This is
congruent with the observed mineralogical composition, which is completely composed of
Fe-bearing minerals.

Table 1. Bulk chemistry of the precipitates collected from the Ida adit. n.a. = not analyzed.

Element (wt%) Element (mg·kg−1)

Fe 50.69 Cu 2018
S n.a. Zn 41

Al 0.06 Mn 77
Mg 0.03 Ni 11
Ca 0.04 Cr 96
Ti 0.02 V 64
Na 0.01 As 4.30
K 0.05 Pb 2
P 0.01 Co 2

The Al concentration is quite low, likely because the measured pH in the sampling
site (2.6) was below the first solubility constant of Al, thus preventing its incorporation
in the solid phase. Other elements have concentrations one order of magnitude smaller,
with only K reaching high relative concentrations, reflecting the presence of jarosite. The
concentrations of trace elements are quite low, with only Cu reaching 2018 mg·kg−1. All
other trace elements are below 100 mg·kg−1.

3.2. Genomic DNA Extraction, Microbial Diversity, and Richness in AMD Precipitates

Using a Nucleospin soil kit (Macherey-Nagel GmbH & Co. KG) with the combina-
tion of SL2 lysis buffer/SX Enhancer reagent, it was possible for the lysis step to isolate
genomic DNA from the AMD precipitates with a yield of 0.38 µg·g−1. In order to ob-
tain purified genomic DNA suitable for the PCR amplification protocol, a further phe-
nol/chloroform/isoamyl alcohol purification was necessary. Starting from 5 µg of purified
genomic DNA, the Illumina MiSeq sequencing gave 1,161,981 paired-end reads. Both of the
pair reads showed a decreasing quality toward the 3′ end of the fragments, which made the
proper assembly toward the ends of the fragments challenging. The PEAR software was
able to assemble 94.864% of the reads, producing 1,102,304 useful assembled fragments,
with a sequence length ranging from 57 to 589 bp. After the process with Trimmomatic, a
final collection of 756,025 sequences, whose lengths spanned from 250 to 500 bp, was ob-
tained. Before OTUs assembly, Qiime was used to refine the sequence collection, including
the removal of 89,505 sequences recognized as chimeric. At the end of the process, Qiime
produced a total of 615,535 useful sequences for Operation Taxonomic Unit (OTU) picking.
The identification of the bacterial community was also performed down to the genus level,
when possible. The 10 most abundant genera are reported in Table 2, whereas the complete
list of the observed bacteria is given in the Supplementary Materials (Online Resource 1).

The analysis of the microbiota highlighted the presence of 3094 OTUs, 743 of which
were represented by more than 10 sequences. The taxonomic affiliation of the 743 OTUs
was performed comparing the observed OTUs with known bacteria marker sequences,
and their phylum distribution is reported in Figure 3. The association is dominated
by bacteria, in particular by Proteobacteria, which accounted for more than 50% of the
assemblage, followed by Bacteroidetes (22.75%), Actinobacteria (7.13%), Acidobacteria
(5.79%), Firmicutes (2.56%), and Nitrospirae (1.88%). All other phyla were detected with
a relative abundance below 0.50% with almost all of them being counted only once. A
single OTU related to an archaea belonging to the phylum Euryarchaeota (0.13% or relative
abundance) was observed. These particular archaea were already identified in AMD
waters in [37].
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Table 2. Genus and relative abundance of the ten most present OTUs.

Genus Relative Abundance (%)

Flavobacterium 5.11
undetermined_Comamonadaceae 5.11
undetermined_Acidobacteriaceae 4.44

Unclassified 3.90
undetermined_Acetobacteraceae 3.77
undetermined_Acidimicrobiales 3.63

undetermined_Sphingobacteriales 3.50
Novosphingobium 3.10

undetermined_Oxalobacteraceae 3.10
Pedobacter 2.96
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4. Discussion

Usually, AMD-related bacterial communities are dominated by one or two strains, as
this environment is highly selective and challenging. On the contrary, in the assemblage
of the Libiola mine, a clear dominance of one strain is lacking. A similar diffusion of
taxa was observed in [38], and the lack of a clearly dominating species was detected in
an AMD assemblage from the Jinkouling tailing pond in China (pH of 2.65), as reported
in [11]. Although the genera from the Chinese bacterial community are quite different
from the ones observed in the Ida adit community, both are dominated by Proteobacteria,
followed by Bacterioidetes and a different abundance of Nitrospirae and Actinobacteria.
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Another similar bacterial association was observed in AMD from Spain. Members of the
Actinobacteria, Acidobacteria, Planctomycetes, Firmicutes, and Chloroflexi phyla were
identified in sediments of the Tinto basin, whereas samples from three boreholes in Peña
de Hierro, analyzed by catalysed reporter deposition—fluorescence in situ hybridization
(CARD-FISH) using complementary probes, showed positive hybridization signals for
both bacteria and archaea, with Proteobacteria as the most representative bacterial phylum,
followed by Actinobacteria, Acidobacteria, and Firmicutes [39].

The bacterial association of the Fe precipitates is quite different from the usual ones
reported from AMD environments. The distribution of OTUs within different genera is
diffused, with the most abundant genera (Flavobacterium sp. and Comamonadaceae sp.)
representing 5.11% of the total bacterial population. Undetermined Acidobacteriaceae,
Acetobacteraceae, and Acidimicrobiales followed with relative abundancy in the range
of 4.44–3.63%.

Generally, in AMD, primary producers are dominant. Chemiolithotrophic Fe- and
S- oxidizing bacteria such as Acidithiobacillus and Leptospirillum (with the latter being able
to oxidize only Fe) are the most present genera, and in regions of the system exposed to
sunlight, photosynthesis may be an important source of energy and fixed carbon [40]. In
fact, most subsurface AMD sites receive relatively minimal inputs of fixed carbon and
nitrogen from external sources, and therefore heterotrophs are not widespread. Both
Acidithiobacillus and Leptospirillum have a low concentration in Fe precipitates from the Ida
adit (0.81% and 1.88%, respectively). Often, Acidithiobacillus spp. are numerically dominant
among autotrophic Fe-oxidizing bacteria in freshly discharged Fe2+- and Fe-rich waters,
whereas Leptospirillum becomes increasingly significant downstream as Fe2+ concentrations
fall and soluble Fe3+ concentrations increase [1]. The relative concentration of autotrophic
S-oxidizing bacteria is even lower, with the genera Thiobacillus, Thiomonas (members of this
genus can also grow as heterotrophs using organic carbon), and Thermomonas having only
one single OTU identified (relative abundance of 0.13% each). Thiomonas spp. are moderate,
rather than extreme, acidophiles and are generally not found in extremely acidic and metal-
rich mine waters. Authors in [1,6] proposed that extremely acidophilic prokaryotes such
as Acidithiobacillus and Leptospirillum may have only a minor (if any) role in some AMDs.
Previously unknown “moderately acidophilic” Fe- (and S-) oxidizing bacteria appear to
be more significant, particularly in waters of pH > 3. The pH values of red waters in the
Ida adit are generally in the range of 2.6–2.8 (i.e., close to 3). Some moderately acidophilic
bacteria can also catalyze the reduction of Fe3+ in aerobic cells, as has been observed in
Fe-rich sediments [6]. Nonetheless, it is worth noting that Leptospirillum can play a major
role in N fixation in some AMD [41], and bioavailable nitrogen can be a growth-limiting
factor in AMD environments.

Primary production in this site seemed to be guaranteed by macroalgae, which are
widely present in the sampled area (Figure 1c). Instead of primary-producer bacteria, a
variety of heterotrophic microbes were observed with PCR. This abundance of heterotrophs
might be explained by both the characteristics of the bacteria and by the presence of
different sources of organic carbon, such as vegetal litter and macroalgae (Figure 1c). A
similar observation was made by Rowe et al. [37], who observed a heterotroph bloom
concomitant with algal biomass in a streamer/mat from the Cantareras mine AMD.

Among Acetobacteriaceae (3.77%) it is possible to find some acidophilic heterotrophs,
mainly of the genus Acidiphilium, able to reduce Fe3+ both in the soluble and solid phase,
even in the presence of oxygen [42]. This ability to reduce Fe will regenerate soluble Fe2+,
which will again be oxidized by Fe-oxidizing bacteria, creating a cycle. Acidiphilium spp. are
very metabolically versatile strains, as they also have the ability to oxidize S or Fe(II) [43].
Among the bacteria identified in Fe precipitates from the Ida adit, many different moderate
acidophilic heterotrophs were recognized, with some of them also able to reduce Fe3+.
Acidobacteria spp., present with a relative abundance of 5.79%, populate relatively moderate
AMD environments (20–37 ◦C and pH 3.0–6.0). Authors in [44] concluded that at the
Richmond mine site, this group is limited to higher-pH environments. Some members
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of the Acidobacteriaceae family, isolated from mine waters, have been shown to reduce
Fe3+ [45]. Moreover, Acidobacteriia, the most common class of Acidobacteria in low-pH
environments, is composed of well-known metal-tolerant strains able to participate in the
redox cycle of a variety of metals and metalloids, such as As, Cr, and Hg [43,46].

Among Actinobacteria (7.13%), some species (e.g., Ferrimicrobium acidiphilum (Fm, a
Gram-positive Actinobacterium)) are obligate heterotrophs and obtain energy from the
oxidation of Fe2+ and carbon from an organic source [1]. Acidimicrobium ferrooxidans is
also a Gram-positive Actinobacterium, but in contrast to mesophilic Ferrimicrobium this Fe-
oxidizing bacterium is a moderate thermophile and therefore of more limited distribution
in most mine-impacted waters.

Hallberg and Johnson [6] isolated and cultured bacteria from AMD, and many ex-
hibited the typical colony morphologies of the acidophilic heterotrophs that belong to the
genera Acidocella (0.94%) and Acidiphilium (1.08%). As previously reported, all characterized
Acidiphilium spp. have been shown to catalyze the dissimilatory reduction of Fe3+, and they
appear to do this more proficiently when grown under microaerobic, as opposed to strictly
anoxic, conditions [6,39]. This genus is widely distributed in mine waters [1], and some
species can also accelerate the oxidation of reduced S, though only when provided with
organic carbon. In particular, A. acidophilum is an acidophilic S-oxidizing bacterium that is
capable of growing as a heterotroph (a trait that characterizes all other known species of
Acidiphilium), but it can also grow autotrophically, using reduced S as an energy source.

Among the spore-forming Firmicutes phylum (2.56%), a number of species of Gram-
positive Fe- and S-oxidizing acidophilic bacteria have been described. Even if most of
these microorganisms are thermotolerant or moderately thermophilic and would not be
expected to thrive in most mine waters, some unclassified species (possibly belonging
to novel genera) have also been detected in low-temperature mine waters [47]. Among
the unidentified Comamonadaceae sp. (5.11%), the presence of facultative anaerobes, the
Fe-oxidizing genus Acidovorax already observed in AMD [38,39], could not be excluded.

Forster and colleagues [48] observed the presence of Flavobacteria (5.11%), Pseudomonas
(0.40%), and Cytophaga (3.50%) genera in AMD-impacted waters in Alaska. In particular,
Flavobacteria and Cytophaga were observed with sulphate-reducing bacteria (practically not
present in the Ida adit association), indicating that these bacteria are able to grow even
in reducing conditions. Moreover, Cytophaga have a cellulose-degrading capability [49],
supporting the fact that organic litter and macroalgae may play a role in the establishment
of this community. The only OTU (0.13%) able to reduce S found in the Fe precipitates of
the Ida adit is Sulfurospirillum sp.

The environmental conditions suggested by the bacterial assemblage observed in Fe
precipitates from the Ida adit seem to point to a microaerobic environment with low oxygen.
A complete anoxic, reducing environment seems to be excluded, both for the absence of
S-reducing bacteria and for the presence of obligate aerobic bacteria such as Leptospirillum
sp. However, it is not possible to exclude that the presence of Leptospirillum sp. might
derive from a different bacterial association thriving in the oxidative, aerobic acid waters
of the Ida adit. A similar difference in the conditions between sediments and waters was
observed also in Río Tinto, an AMD-impacted river in the Iberian Pyrite Belt. Amils [39]
reported that an aerobic metabolism was detected in the water column of the river, whereas
most of the microbial activities in sediments, biofilms, and in the subsurface of the Río
Tinto operate in anoxic conditions similar to those existing inside bioleaching heaps. These
differences prove that, in a semisolid matrix such as sediments, with different microniches
that permit diverse environmental conditions, antithetic metabolisms can operate, whereas
this is not possible in a homogeneous water column [39].

5. Conclusions

The Fe precipitates of the Libiola mine showed a complex environment in which it
was possible to find a great diversity of bacteria. The main primary producers supporting
the community were probably photosynthetic macroalgae, with Fe- and S-autotrophic
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oxidizing strains being present in low abundance. This primary production supports a
wide range of heterotrophic bacteria which seem to control the cycle of Fe and S, and it
is not possible to completely exclude that such bacteria also control the chemical cycle
of other metals and metalloids. Heterotrophic bacteria communities are divided into
strains able to participate in the Fe cycle in AMD and strains able to degrade organic
matter, likely supplied by macroalgae and litter. These results highlight a remarkable
lack of dominance of some specific microorganism species, suggesting the co-existence
of many different microenvironments colonized by associations of bacteria with different
ecological specificity. This study is of great importance and represents the beginning of
further investigations for bioleaching applications to recover Cu from the Libiola mine
dumps using autochthonous microbial strains.
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