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Extreme acidophiles play central roles in the geochemical cycling of diverse elements in
low pH environments. This has been harnessed in biotechnologies such as biomining,
where microorganisms facilitate the recovery of economically important metals such
as gold. By generating both extreme acidity and a chemical oxidant (ferric iron) many
species of prokaryotes that thrive in low pH environments not only catalyze mineral
dissolution but also trigger both community and individual level adaptive changes. These
changes vary in extent and direction depending on the ore mineralogy, water availability
and local climate. The use of indigenous versus introduced microbial consortia in
biomining practices is still a matter of debate. Yet, indigenous microbial consortia
colonizing sulfidic ores that have been domesticated, i.e., selected for their ability to
survive under specific polyextreme conditions, are claimed to outperform un-adapted
foreign consortia. Despite this, little is known on the domestication of acidic microbial
communities and the changes elicited in their members. In this study, high resolution
targeted metagenomic techniques were used to analyze the changes occurring in
the community structure of local microbial consortia acclimated to growing under
extreme acidic conditions and adapted to endure the conditions imposed by the target
mineral during biooxidation of a gold concentrate in an airlift reactor over a period of
2 years. The results indicated that operative conditions evolving through biooxidation
of the mineral concentrate exerted strong selective pressures that, early on, purge
biodiversity in favor of a few Acidithiobacillus spp. over other iron oxidizing acidophiles.
Metagenomic analysis of the domesticated consortium present at the end of the
adaptation experiment enabled reconstruction of the RVS1-MAG, a novel representative
of Acidithiobacillus ferrooxidans from the Andacollo gold mineral district. Comparative
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genomic analysis performed with this genome draft revealed a net enrichment of gene
functions related to heavy metal transport and stress management that are likely to play
a significant role in adaptation and survival to adverse conditions experienced by these
acidophiles during growth in presence of gold concentrates.

Keywords: Acidithiobacillus, acidophiles, domestication, adaptation, consortia, targeted metagenomics,
metagenome derived assembly

INTRODUCTION

Extreme acidophiles play an important role in the geochemical
cycling of metals. They do so by affecting the solubility, speciation
and precipitation of metals ions, either directly (e.g., by oxidation
or complexation) or indirectly (through their influence on
environmental redox conditions and pH). These capacities have
long been harnessed in biomining practices (Harrison, 2016).
One of such practice is the biooxidation of highly valued gold
milled ores and their concentrates.

Gold is one of the ten scarcest elements in the Earth’s crust
and is non-uniformly distributed (Reith et al., 2007). The metal
occurs as solid inclusions within sulfide minerals or is finely
dispersed in mineral crystal lattices (King, 2002). Pre-treatment
procedures entailing the removal of mineral sulfides by the
action of chemolithotrophic microorganisms are required to
facilitate accessibility of extraction chemicals to the precious
metal occluded in the mineral matrix. This process, known
as biooxidation, has proven to be an economically viable,
competitive and environmentally friendly biotechnology for the
pre-treatment of refractory gold-bearing mineral concentrates
(Rawlings et al., 2003).

Mineral concentrates are mostly processed in stirred tank
reactors under relatively constant and homogeneous operative
conditions (Rawlings, 2007). As a result, microbial communities
recovered from operative tanks are low complexity assemblages
of a sulfur- or iron-oxidizer and a mixo- or heterotrophic
acidophile (Okibe et al., 2003; Norris, 2007; Bryan et al.,
2011). Relevant acidophilic mesophiles involved in mineral
biooxidation include the sulfur- and/or iron-oxidizing members
of the Acidithiobacillus species complex (Nuñez et al., 2017),
the iron-oxidizing leptospirilli, Gram-positive sulfobacilli and
Acidimicrobium spp., and members of the archaeal genus
Ferroplasma (Rawlings et al., 2003; Harrison, 2016). Relevant
traits of effective mineral oxidizing communities recovered from
tank reactors to date, are their ability to generate sulfuric acid
or ferric iron which act as chemical lixiviants, and to endure
the environmentally adverse conditions that develop during
biooxidation.

Mineral dissolution achieved by the action of these microbes,
changes the local environmental conditions (e.g., pH decrease;
toxic metalloids concentration increase), triggering both
community and individual level adaptive changes. Major
physicochemical factors known to shape the phylogenetic
structure of acidophilic microbial communities are the pH, the
oxygen availability and the redox potential, all of which have
been shown to influence spatial diversity patterns, as well as
temporal successions (reviewed in Quatrini and Johnson, 2018).

The influence of other stress factors [e.g., osmotic pressure
(Suzuki et al., 1999)] and inhibitory compounds [e.g., the
cyanide concentration (Harahuc et al., 2000)] on the adaptive
evolution of acidic microbial communities are much less
understood.

In addition to withstanding the evolving physicochemical
conditions of bioleaching and the operative fluctuations inherent
to the diverse industrial set-ups, any given effective mineral
oxidizing community must be able to compete with native
microbes present in the mineral ore or concentrate. In this
context, considerations on the use of engineered (bottom-up
approach) versus native consortia (top-down approach) have
been raised (Rawlings and Johnson, 2007; Brune and Bayer,
2012). Even if designed consortia have proven useful in mineral
dissolution in bioreactors at small scales (Okibe and Johnson,
2004), comparative leaching of cobaltiferous ore concentrates in
stirred tank reactors have pointed to a superior performance by
native microbial communities (Bryan et al., 2009, 2011).

Native microbial consortia colonizing sulfidic ores have been
selected for their ability to survive under variable and adverse
conditions (e.g., changing water availability), rather than for
their ability to rapidly and efficiently oxidizing these ores under
controlled conditions (Wakeman et al., 2008). Therefore, natural
consortia cannot be expected to oxidize ores at maximum or even
fairly efficient rates (Rawlings and Silver, 1995). Extended periods
of acclimation and adaptation of these consortia to apparently
similar target concentrates or ores seem to be required, before a
reduction in the retention times, or an increase in growth and
leaching rates is achieved (Rawlings and Silver, 1995; Rawlings,
2005; Rawlings and Johnson, 2007). Heavy metals (e.g., arsenic)
seem to be relevant drivers in the adaptation native consortia
to new mineral niches, acting as stringent selection forces
against diversity (Barrick and Lenski, 2013). The microbes that
are better adapted to the changing environmental conditions
will outcompete the others. Alternatively, microorganisms may
accumulate genetic changes that lead to improved fitness under
the novel conditions.

The term ‘domestication’ has been used to describe the
artificial selection of native species to obtain cultivated variants
with desirable features and enhanced capacities to thrive in man-
made environments (e.g., Gallone et al., 2018). Despite the fact
that biomining is now established as a global biotechnology, little
is known on the domestication of acidic microbial communities
and their members. Complex patterns of domestication have
been observed in various microbial species linked to human food
production (Douglas and Klaenhammer, 2010), including gene
gain, gene loss as well as high levels of horizontal gene transfer
for specific survival traits (Makarova et al., 2006). All these
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events have also been reported for species of extreme acidophiles
(Quatrini et al., 2016) and are likely associated to acclimatization
and adaptation events taking place during long-term bioleaching
processes.

In this study, high resolution targeted metagenomic
techniques were used to analyze the changes occurring in
the microbial community structure of local microbial consortia
acclimated to growth under extremely acidic conditions and
adapted to endure the conditions imposed by the specific target
gold concentrate. In addition, after long-term domestication of
the constituent microbes had been achieved, we evaluated key
features of the dominant members of the consortium by means
of metagenome sequencing and genome resolved analysis.

MATERIALS AND METHODS

Sample Collection and Field Procedures
Eight samples were collected from the Andacollo gold mining
district located in the semi-arid steep of northeastern Patagonia
(37◦ 10′ 50.827′′ S, 70◦ 38′ 24.506′′ W; Neuquén, Argentina) in
2012. The average annual temperature and rainfall in the area is
13◦C and 612 mm, respectively. Sampling sites (Supplementary
Figure S1) were selected on the basis of the different history
of management and use of the mine sites and the different
characteristics of the input material (Supplementary Table S2).
Selected sited included two mineral extraction galleries from the
Buena Vista (BV) and San Pedro (SP) mines, from which slurry
(S), water (W) and biofilm (B) samples were recovered, as well
as two mine tailings, one active Relave Nuevo (RN) and another
one abandoned Relave Viejo (RV), from which only slurry was
sampled. Milled ore (O) with a particle size of approximately
1–5 mm was also sampled from the processing plant (PP).
The refractory gold concentrate (RGC) was obtained from the
flotation cells at the treatment plant of the Minera Andacollo
Gold. Two kilograms of solid (milled mineral ore) and semisolid
(slurry) samples taken from the upper layer (0–20 cm) of the
target material and 1 L of water and 3 mL of biofilm samples were
collected aseptically and stored at 4◦C (for microbial consortia
selection) and/or−20◦C (for molecular analysis) for downstream
processing. In all cases subsamples per site were pooled from
the material collected from 4 equivalent independent points.
Physicochemical parameters (pH, Eh, and conductivity) were
measured in situ at the time of collection using a portable
equipment (Orion Star 5, Thermo Scientific). Main elemental
components (Fe, Mn, Zn, Pb, Cd, and Cu) were determined
by atomic absorption following acid digestion (Merodio and
Martínez, 1985).

Acclimatization, Adaptation, and
Domestication Experiments
Acclimatization to low pH, adaptation to the RGC and long
term domestication of the best performing consortia were
performed under controlled laboratory conditions at PROBIEN-
UNCo (Neuquén, Argentina). For initial acclimatization to acidic
operative conditions, batch cultures were setup in 125 mL

Erlenmeyer flask containing 30 mL of fresh DSMZ 882 medium1

and 0K (9K without FeSO4) mineral salts medium (Silverman and
Lundgren, 1959) and either ferrous iron (4 g/L FeSO4, pH 1.8) or
sulfur (1% w/v, pH 3.0) as energy sources. In all cases the flasks
were inoculated with 10% w/v or v/v of the Andacollo samples
and incubated at 30◦C with agitation (120 rpm) for 10 days.
Microbial proliferation in each experiment was assessed directly
by cell counts, and indirectly, on the basis of the iron and sulfur
oxidation kinetics for the duration of the experiment. From these
measures the growth latency phase, the production of protons,
the percentage of the oxidized iron and the specific iron oxidation
rate (in the exponential phase) were derived. Proton production
was determined by volumetric titration with a NaOH 0.01 N
solution (Merck) following standard procedures (Kolthoff and
Sandell, 1963). Ferrous iron was quantified by spectrophotometry
with the 1,10-phenantroline method (Vogel, 1989). Total iron
was measured after reduction of all iron to the ferrous state with
hydroxylamine hydrochloride as reducing agent; ferric iron was
calculated as the difference between total iron and ferrous iron
and percentages derived accordingly (Gomez et al., 1996). The
specific iron and sulfur oxidation rates were calculated according
to Franzmann et al. (2005).

Adaptation of the consortia to the RGC was carried out
in 1 L shaken flasks containing 300 mL of DSMZ 882 or 0K
media with additional energy sources (2 g/L FeSO4; 1% w/v
S◦; pH 1.8). A 3% w/v pulp density of microwave-sterilized
RGC was used. The batch cultures were inoculated (at 5%) with
a 1:1 mix of the iron- and sulfur-grown acclimated microbial
consortia and incubated at 30◦C with agitation (120 rpm)
for 60 days and 4 subculturing rounds. As negative controls,
equivalent amounts of the iron-grown and the sulfur-grown
innocula were treated with 2% w/v thymol:methanol. Variations
in pH, soluble iron and zinc concentrations were monitored every
3 days.

Domestication was pursued in a 10 L pneumatically agitated
reactor with 0K medium operated in batch mode with reverse
flow liquid recycling with a volumetric gas flow rate of 5 × 10−5

m3 s−1 and a 3% w/v pulp density as detailed in Giaveno et al.
(2007). The reactor was inoculated (10% w/v) with the RGC
acclimatized consortium in the absence of additional energy
sources. Variations in the pH, the concentration of total iron,
zinc and arsenic were determined periodically. The release of
arsenic was measured with a commercial kit (Merck MQuantTM).
Microbial proliferation was followed by direct cell counting in
an optical microscope with phase contrast. Every 70 days (1
cycle) a sample of the evolving consortium was withdrawn from
the reactor and used as inoculant for the next cycle. Between
cycles, both the saline media and the RGC were replaced and
the reactor was re-inoculated with the evolving consortia (at
10% v/v). The pH was maintained at 1.8 during the whole
duration of the experiment and temperature was set at 30◦C.
Samples for molecular analysis (10 mL) were also collected
at these points and the cell pellets stored at −80◦C. Three
samples (Cycles 0, 5, and 10) were selected for metagenomic
analysis.

1www.dsmz.de
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DNA Isolation, Library Construction and
Sequencing
Total DNA was extracted from the Relave Viejo Slurry (RVS,
Supplementary Table S1) sample (10 g wet weight) using
the E.Z.N.ATM DNA Soil Extraction kit (Omega Bio-tek, Inc.)
following the manufacturer’s instructions. Total DNA isolation
from the cell pellets (0.5 g wet weight) were performed as in
Nieto et al. (2009). DNA was resuspended in 100 µl TE buffer
(Tris 10 mM, EDTA 1 mM, pH 8) and checked for integrity
and quality using routine procedures. DNA concentrations were
quantified with PicoGreen and a Synergy H1 microplate reader
using a Take3TM Micro-Volume Plate (BioTek Instruments, Inc.).

The amplification of the V4 region of the 16S rDNA was
performed using the primers 515F and 806R (Caporaso et al.,
2011). The reaction mixture (final volume 50 µL) consisted
of 100 ng of DNA, 10 µM of each primer, 10 mM of
dNTPs and 0.5 µL of Herculase II Fusion DNA Polymerase
(Agilent). Amplification was performed under the following
conditions: initial denaturation at 95◦C for 2 min, 30 cycles
at 95◦C for 20 s, 55◦C for 20 s, and 72◦C for 30 s, and
a final extension at 72◦C for 3 min. After the amplification,
purification of the PCR amplicons was accomplished using the
QIAquick Gel Extraction Kit (Qiagen) and their concentration
was determined with the PicoGreen R© kit (Turner BioSystems,
Inc.). Amplicon library preparations were made using TruSeq
DNA LT Sample Prep Kit (Illumina), following manufacturer’s
instructions and library quality was evaluated using a Fragment
Analyzer (Advanced Analytical). A total community DNA extract
from the domesticated RVS consortium (Cycle 10) was nebulized
to approximately 500 bp, and duplicate high quality libraries with
insert sizes of ∼460 bp were prepared using NexteraTM DNA
Sample Preparation kit (Nextera, United States). Pooled libraries
(at equimolar concentrations) were sequenced at the Genoma
Mayor genomics facility (Santiago, Chile) using an Illumina
MiSeq sequencer (250 bp paired-end reads).

Raw sequences generated in the present study were deposited
at the National Center for Biotechnology Information
(NCBI2) under the BioProject accession ID PRJNA499133.
NCBI BioProject accession ID for the newly described draft
metagenome assembled genome (RVS1_MAG) is PRJNA475418.
Assembly and analysis of the remaining metagenomic data will
be reported in future work.

Sequence Manipulations and
Bioinformatic Analyses
Amplicon sequence data were processed using Qiime2 v2018.8
(Bolyen et al., 2018) and filtering, denoising, forward and
reverse merging, and chimera detection of the sequences was
done with the computational workflow available through the
open-source R package Divisive Amplicon Denoising Algorithm
DADA2 (Callahan et al., 2016), using default parameters (maxN:
0, truncQ: 2, rm.phix: TRUE, maxEE: 2, chimera-method:
consensus). Amplicon Sequence Variants (ASVs) were clustered
at 100% identity. ASVs with only one representative (singletons)

2www.ncbi.nlm.nih.gov

were removed from the data set for downstream bioinformaic
analysis. Taxonomic assignment was done against the SILVA
16S rRNA database 132 (December, 2017 release) using vsearch
(Rognes et al., 2016) incorporated in the q2-feature-classifier
plugin algorithm (Bokulich et al., 2018). Statistical analysis was
performed using Phyloseq (McMurdie and Holmes, 2013). The
acidithiobacilli 16S rRNA gene sequences were further analyzed
based on their placement on the guide tree reported previously
by Nuñez et al. (2017) and their oligotype profiles derived (Eren
et al., 2013).

Metagenomic sequence data from the domesticated
consortium was preprocessed using Trimmomatic (v0.36)
(Bolger et al., 2014). Reads with a >Q20 quality score were
retained and assembled de novo using MetaVelvet (v1.2.10)
(Namiki et al., 2012). The assemblies were binned using
Megan5 by blastx against the nr database (August 2018
release). Bins matching publically available acidithiobacilli
genomes (MOAD01, CP005986, NC_015850, LXQG01, LZYE01,
LZYF01, LZYG01, LZYH01, NC_015942, NZ_LT841305,
NZ_LT841305.1, CCCS02, MASQ01, LVZL01, NCBC01,
LQRJ01, LVXZ01, QKQP01, PQJK01, NC_011761, NC_011206,
MXAV01, LWSB01, LWSA01, LWSC01, LWRZ01, LWSD01,
LWRY01, LZYI01, LGYM01, AZMO01, AFOH01, and AUIS01)
were further analyzed using fragment recruitment with Bowtie2
(v2.2.6) (Langmead and Salzberg, 2012). Assemblies were
merged using an in house script and manually curated to obtain
consensus assemblies.

Draft assembly contigs >500 bp were used to calculate the
average nucleotide identity index (ANIb) (Goris et al., 2007) with
pyani (v0.1.3.2)3 and the in silico DNA-DNA hybridization index
(DDH) was assessed using the Genome-to-Genome Distance
Calculator with recommended formula 2 (Meier-Kolthoff et al.,
2013) and species cutoff limits defined by Meier-Kolthoff et al.
(2014).

For downstream bioinformatics analysis a preliminary
annotation of the MAG recovered was performed with the RAST
pipeline as described previously (Aziz et al., 2008). Genome
comparisons were performed using the GET_HOMOLOGUES
software package (v07112016) (Contreras-Moreira and Vinuesa,
2013). Orthology was determined based on all-versus-all Best
Bidirectional BlastP Hit and COGtriangles (v2.1) as clustering
algorithm. Pairwise alignment cutoffs were set at 75% coverage
and E-value of 10E-05.

RESULTS AND DISCUSSION

Study Rational and Experimental Design
To aid deciphering the underlying organizational principles and
integrated physiological capacities of the microbial communities
relevant in mining biotechnologies, we designed a long-term
study focused on the biooxidation of gold-bearing mineral
concentrates (Figure 1). We tested the “top-down approach”
proposed by Rawlings and Johnson (2007), whereby indigenous
microbial consortia (IMC) colonizing target sulfidic ores are

3https://github.com/widdowquinn/pyani
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FIGURE 1 | Top-down approach and experimental design utilized in the study.

selected for their improved mineral oxidation abilities under
controlled conditions. Efficient biooxidation and pre-treatment
of metal concentrates requires the microbial consortia to endure
not only the extremely low pH of the leaching solutions, but
also the intrinsically high loads of toxic metals and the organic
flotation reagents used in the production of the concentrate
(Rawlings, 2005; Hong et al., 2016). These factors, individually or
collectively, may perturb microbial growth and trigger changes
in both mineral associated IMC community composition and
function, as reported in other types of mineral leaching setups
(Edwards et al., 1999; Liu et al., 2014; Méndez-García et al.,
2014). However, relevant drivers of community changes during
top-down selection gold pretreatment have not been adequately

defined. Thus, we exposed the Andacollo IMC to subsequent
rounds of acclimation to acidic pH and adaptation to the
target RGC, followed by an extensive domestication period
under semi-industrial operational conditions to obtain microbial
consortia with desirable features for RGC treatment. These
features included improved relative iron oxidation capacities
and greater relative acidogenic potential. Changes in the
community structure of the IMC occurring along this process
were assessed through targeted metagenomic and environmental
metagenomic approaches, combined with genome resolved
analysis.

The IMC suited for mineral pre-treatment were recovered
from water, slurry, milled gold-bearing mineral ore and/or
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FIGURE 2 | Acclimatization of IMC present in the Andacollo samples to acidic conditions at 30◦C. (A) Oxidation of ferrous iron in DSMZ 882 medium. (B) Production
of protons in 0K-S0 medium. Sample types are color coded to differentiate slurry (gray), water (blue), biofilm (orange), milled ore (green), and sterile control (black).
Symbols: BVB (�); BVS (�); BVW (�); SPB (N); SPS (M); RVS (•); PPO (�); SC: sterile control (-).

biofilm samples collected at the gold mine district in the semi-
arid steep of northeastern Patagonia (Supplementary Figure S1
and Supplementary Table S1). Sampling points were selected on
the basis of the different history of management and use of the
mine sites and the different characteristics of the input material
(Supplementary Table S2), as a proxy of the likelihood of finding
active and adaptable microbial consortia. Some samples stood out
for their high relative concentrations of Fe, Mn, and Mg (e.g., SPS,
San Pedro Slurry), while others contained higher concentrations
of Pb, Zn, and Cd (e.g., RVS, Relave Viejo Slurry). According
to Inductively Coupled Plasma Atomic Emission Spectroscopy
(ICP-AES) analysis, the RVS sample also contained arsenic
(100 ppm) at concentrations comparable to those of the gold
concentrate (114 ppm). These elements are generally enriched in
target RGC obtained from the Andacollo mining area, primarily
consisting of pyrite (FeS2), galena (PbS), sphalerite (ZnS) and
arsenopyrite (FeAsS), and make this a potentially interesting
consortia.

IMC Acclimatization to Low pH,
Adaptation to the RGC and
Domestication
To achieve the initial acclimatization of the IMC to acidic
conditions batch cultures were setup as indicated in methods.
Microbial proliferation in each experiment was assessed
indirectly, on the basis of the net iron oxidation, the proton
production and their respective specific activity rates (Figure 2).
Iron oxidation capacity and acidogenic potential was higher in
the slurry samples relative to the other sample types collected,

regardless of the site of collection. Both capacities measured
correlated with the conductivity of the samples, but appeared
unrelated to the initial pH and Eh of the samples of origin
(Supplementary Table S2). In the presence of iron as energy
source the RVS, BVS (Buena Vista Slurry) and SPB (San
Pedro Biofilm) samples had the shortest latency phases and
the highest specific rates for iron oxidation (Figure 2A and
Supplementary Table S3). Rust-colored precipitates were
indeed observed at the time of sampling of the RVS and SPB
samples, and considered biosignatures of iron oxidizers. When
evaluated in 0K-S0 medium for acid production, the RVS and
BVS consortia outperformed the SPB consortium, showing the
highest acidification rates and the highest net proton production
(Figure 2B and Supplementary Table S3). For these reasons, the
RVS and BVS consortia were selected for scaling up and further
adaptation to the RGC.

To adapt the IMC to the target concentrate batch experiments
using 3% w/v pulp density and the best-performing acclimated
IMC obtained above were set up and monitored every 15 days
for the duration of the experiment (see section “Materials and
Methods”). For each tested IMC the acclimatized consortia grown
at acidic pH in the presence of iron or sulfur were mixed in
a 1:1 proportion. Physicochemical changes (in pH, soluble iron
and zinc concentrations), which occurred during the course of
microbially-mediated mineral oxidation are shown in Table 1.
After 60 days of incubation in the presence of the RGC only the
RVS consortium showed persistent acidification of the media and
efficient solubilization of metals (Fe and Zn) in both treatments
in comparison with sterile controls. The BVS and BVW (Buena
Vista Water) consortia lost viability after 3 passages and could
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TABLE 1 | Acidification and metal solubilization by three microbial consortia
relative to sterile controls, after 60 days of adaptation to RGC.

0K DSMZ 882

Consortia 1pH Zn Fe 1pH Zn Fe

RVS 0.93 8.78 47.1 0.33 3.6 1.96

BVS 0.34 2.87 3.79 0.38 2.59 1.56

BVW 0.52 2.52 3.50 0.34 2.32 1.35

Total zinc (Zn) and iron (Fe) in solution (ppm) were measured using atomic
absorption spectroscopy.

not be rescued even in the absence of the concentrate (data not
shown).

For ICM domestication a 10 L airlift reactor was inoculated
with 10% v/v of the pre-adapted RVS consortium and incubated
at constant temperature and pH for 10 cycles of 70 days each.
Samples were recovered upon initiation of the experiment (0
cycles), at a middle stage (5 cycles) and at a terminal stage (10
cycles) and stored for further analyses. Biooxidation capacity of
the evolving consortia was monitored through the 70 days-cycles.
Results obtained at the initial and final stages (Figure 3), showed
clear differences in the biooxidation profile (Fe release days−1

0.02 to 0.05 days−1 and Zn release 0.01 to 0.03 days−1) of the
consortia evaluated, with an evident positive effect of long-term
domestication of the consortia to the target mineral. The cycle
10 consortium showed a greater capacity to degrade the mineral
concentrate with respect to the cycle 0 consortium, as reflected by
the extent and the rate of solubilization of relevant cations (zinc
and iron).

Improved performance achieved is indicative of an underlying
long-term adaptive process, as observed also for designed
consortia facing exposure to gold (Hong et al., 2016), copper
(Hedrich et al., 2016), or chalcopyrite concentrates (Wang et al.,
2014). However, the effect of long-term domestication has seldom
been pursued [e.g., 40 weeks in (Wakeman et al., 2008) or
60 weeks in (Mutch et al., 2010)], regardless of the type of
consortium considered (designed or native). Almost invariantly
indigenous microorganisms are removed at the onset of the
experiment (e.g., Mutch et al., 2010) or their subculturing history
is not traceable (e.g., Spolaore et al., 2010), thus changes in the
structure of the indigenous community and/or genetic changes
in the community members are poorly understood.

Global Changes in the Community
Structure During Long-Term
Domestication
To assess the changes elicited in the microbial community
structure during domestication, the V4 region of the 16S rRNA
gene was amplified and sequenced using the MySeq Illumina
technology. Sequences obtained were clustered in Amplicon
Sequence Variants (ASVs) at 100% identity using DADA2,
which models and corrects Illumina-sequenced amplicon
errors.

Rarefaction curves of the number ASVs as a function
of the sampling effort are represented in Supplementary

Figure S2. At sequencing depths greater than 1,000, all curves
approached asymptotically to the maximum observed ASVs
for each sample, except in the case of the un-adapted RVS
consortium (RVSc), which did so only at greater sequencing
depths. A decrease in diversity from the RVS, through adaptation
cycles in the airlift reactor, to the domesticated consortium
was apparent for all sequencing depths values. While the
un-adapted RVS consortium harbored 471 ASVs (at 100%
identity cutoff, >1× coverage), during adaptation to the RGC
a steady decrease in total ASVs was observed, ending up
with a domesticated consortium (Cycle 10) that harbored only
23.7% of the initial taxa (Table 2). The Shannon diversity
index (H), Chao1 richness estimator (Ss) and Inverse Simpson
dominance index (J) were calculated on the full dataset to
assess this aspect further. The diversity and richness indices
were significantly (p < 0.001) higher in the initial consortium
than in the evolving consortia (Table 2), with a sharp drop
in both indices at early stages of adaptation, consistent with
a decrease in the compositional complexity of the assemblages
along domestication. The domesticated consortium exhibited the
overall lower number of ASVs, diversity, richness and evenness
(Table 2).

For downstream analyses the sequences obtained from each
of the adaptation cycles were clustered at the 97% identity level
to derive OTUs and the relative abundance of the microbial
taxa across domestication cycles was assessed (Figure 4). An
evident change in the dominance profile and complexity of
the consortia was apparent from this data. At the phylum
level (Figure 4A), the initial microbial community was mainly
composed of typical soil Proteobacteria and Actinobacteria of the
Terrabacteria group. From Cycle 1 onwards, the latter taxa were
gradually outnumbered by the Proteobacteria, which reached
a final abundance of >90% in the domesticated consortia.
A comparison of the top 20 OTUs abundance at higher
taxonomic levels (class/order) shows a highly uneven community
structure across adaptation cycles (Figure 4B). During Cycle 1
the acidithiobacilli began to outnumber the other taxonomic
orders (e.g., Pseudomonadales), with a neat dominance over the
other microbes present at the end of the domestication process
(from 15% in the RVSc to 90% at cycle 10) (Figure 4C). Seven
out of nine total ASVs related to the obligate acidophilic genus
Acidithiobacillus comprised this final population (Figure 4D
and Supplementary Figure S3); three of these ASVs could be
recognized from the beginning of the experiment. Sequence
analysis indicated that ASV1 (76.7%), ASV2 (21.5%), and
ASV3 (<1%), encompassing 99.7% of the total acidithiobacilli
population, correspond to A. ferrooxidans species representatives
(99% identity). During domestication the proportion of ASV1
and ASV2 populations increased, while low abundance ASV3 was
negatively selected after 5 cycles. Dominance of A. ferrooxidans-
like acidophiles over others, is likely related to the capacity of
this species representatives to efficiently derive energy from the
oxidation of the metal sulfides present in the gold concentrates
(Rawlings et al., 1999), which in the case of the Andacollo RGC
consists mostly of pyrite (FeS2), sphalerite (ZnS) and galena
(PbS) (Supplementary Figure S4). It could also be related to the
generalized capacity of members of this species to endure high
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FIGURE 3 | Biooxidation capacity of the adapted RVS consortium. (A) Biooxidation was assessed as the solubilization of Fe (A) and Zn (B) in DSMZ 882 medium at
30◦C, during the Cycle 0 and Cycle 10.

TABLE 2 | Diversity indexes for ASVs during domestication of the microbial
consortia.

Observeda Chao1 (Se)b Shannon (H)c Inverted
Simpsond

RVS 417 0 4.835 73.6

Cycle 0 162 0.249 3.864 51.5

Cycle 5 102 2.336 4 29.4

Cycle 10 99 4.642 1.7 2

aNumber of different taxa observed in the sample. bRichness estimator.
cBiodiversity index. dDominance index.

concentrations of (heavy) metals (e.g., Fe, Zn, Au, Ag, Pb, and
Cd) and metalloids (e.g., As).

Temporal Variations in the Diversity of
Acidophiles During Domestication
The proportions of other acidophilic taxa were also assessed
within and between adaptation cycles (Figure 5). Out of 13
genera of acidophiles included in the Silva 16S rRNA gene
sequences database (v132) used for taxonomic assignment, seven
were found to occur at some extent during domestication of the
RVS consortium (5 of them at the initial sample and 2 in the final
domesticated sample).

Two acidophilic taxa were present in all samples analyzed,
implying they persisted across the domestication process; the
dominant Acidithiobacillus and lower abundance Leptospirillum
(6 ASVs in total) representatives, though their occurrence
profiles varied both in total abundance and relative abundance
per cycle (Figure 5). Four different general trends were
observed across the data: (1) steady increase in abundance
(Acidithioacillus), (2) steady decrease in abundance (Ferrithrix,

Thiobacillus), (3) transient increase followed by disappearance at
later adaptation cycles (Ferrovum, Gallionella) and (4) transient
decrease followed by reappearance at later adaptation cycles
(Leptospirillum).

All acidophiles detected are key players in the biogeochemical
cycling of iron in low pH environments, being either ferrous
iron oxidizers and/or ferric iron reducers (Hedrich et al., 2011;
Johnson et al., 2012). Variations in the relative abundance
of these taxa are likely related to fluctuations in the iron
concentrations and the redox potential of the media occurring
during domestication. Growth of Ferrovum spp. and Gallionella
spp. have been seen to be inhibited in the presence of high
iron concentrations (Tischler et al., 2013) and dominance
of Leptospirillum spp. over Acidithiobacillus spp. occurs at
high redox potentials (>690 mV) (Rawlings et al., 1999).
Redox potential measured in the airlift reactor over the
domestication cycles suggests conditions are more favorable
to the acidithiobacilli. Also, both taxons have been described
to endure high concentrations of metals and metalloids (e.g.,
As) and to proliferate efficiently in biooxidation tanks for gold
concentrate pretreatment (Rawlings, 2005).

Genetic Features of the Dominant ASVs
in the RVS Consortium
To characterize the functional genetic potential of the
domesticated RVS consortium (at Cycle 10) its metagenome
was derived. The total sequence yield and quality indicators for
the two replicate runs performed are shown in Supplementary
Table S4.

Reads fulfilling quality filters (>Q20) were assembled de novo
and their taxonomic affiliation assessed using Megan5. Among
the contigs with assignable taxonomy, 92.5% could be ascribed
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FIGURE 4 | Taxonomic profiles and proportions of the RVS microbial consortium during adaptation cycles to the RGC. (A) Phylum level, top 100 ASVs; (B) Class
level, top 100 ASVs; (C) Order level, top 20 ASvs. (D) Absolute abundance of the ASVs ascribed to the dominant taxon (Acidithiobacillia): ASV1 (184,713 total
reads); ASV2 (51,844 total reads); ASV3 (191 total reads); ASVr (3,890 total remaining reads).

to the acidithiobacilli and 3.9% to other microorganisms (3.6%
remained unassigned). After fragment recruitment, per-base
coverage of the Acidithiobacillus reference genomes varied
between 2% (vs. A. caldusT) and 84% (vs. A. ferrooxidansT) and
average redundancy coverage (depth) of the best represented
acidithiobacilli (A. ferrooxidansT) was 675× (Figure 6A).
A second Acidithiobacillus population (31.2% coverage,
33.8 × depth) matching A. ferridurans JCM 18981, was also
identified. These results are consistent with the ASVs populations

identified through 16S rRNA V4 targeted metagenomic analysis
during domestication of the RVS consortium (see above).

The largest sequence bin recovered was assembled
against the cognate reference genome and compared to
individual and combined de novo assemblies obtained
using all the reads generated. The metagenome derived
assembly obtained using this data (RVS1_MAG) has been
deposited in GenBank database under the BioProject
accession number PRJNA499028. Total read recruitment
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FIGURE 5 | Rank abundance and heatmap of known acidophilic taxa during adaptation of the RVS microbial consortium. Values in heatmap are the actual read
variant abundances of the top 2,000 ASVs.

against this MAG indicates that this strain (or a population
of strains) encompasses the 74.97% of the total sequence
trimmed, qualifying as the dominant domesticated
population.

The RVS1_MAG assembly produced is 2.83 Mb long and is
based on 1.4 Gbp of Illumina data, which provides an average
359 fold coverage of the genome. The draft genome consists
of 24 contigs ≥ 10,000 and 25 smaller contigs. This MAG is
predicted to be 99.9% complete (Raes et al., 2007) and encodes
3,078 protein coding genes and 46 RNA genes. Its average
G+ C content of the RVS1 genome is 58.8% and its average
nucleotide identity against the A. ferrooxidans ATCC 23270T

(NC_011761) is 99.69% (ANIb), indicating that RVS1 is indeed
a representative of the A. ferrooxidans species. Gene content
comparative analysis against sequenced representatives of the
species (Figure 6B) indicated that approximately 70% of the
RVS1_MAG predicted genes have a conserved ortholog in all
A. ferrooxidans strains analyzed. Average protein identity (at
the amino acidic level) for this set of core genes is 99.7%,
as expected for closely related microorganisms. Genes related

to energy metabolism that are diagnostic of the species [e.g.,
rus, pet, cox, etc. (Quatrini et al., 2009)] fell in this category.
A set of 337 to 658 partially shared gene (present in 1 to 6
out of the strains under comparison), having as well higher
average levels of amino acidic sequence divergence (94.6–99.5%
identity) and an additional 400 highly diverged gene products
(62.2–97.5% identity), made up this MAGs flexible genome
(Supplementary Table S5). Mapping of the gene orthologs
present in the analyzed A. ferrooxidans strains is shown in
Figure 6C.

Most of RVS1’s exclusive genes were hypotheticals or had
no predicted function. Partially shared genes (present in only
one or two strains, besides the MAG) and most differentiated
genes (genes sharing less than 80% sequence identity) included
transporters for several metals (e.g., manganese and iron),
heavy metals (e.g., cadmium cobalt, lead, and zinc) and
removal of other toxic compounds (e.g., mercury). Given
the characteristics of the RGC, enriched in lead and zinc
containing mineral sulfides and sulfates (galena and anglesite),
the presence in the assembled MAG of 8 copies of gene
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FIGURE 6 | Domesticated RVS microbial consortium metagenomic analysis. (A) Per base coverage and sequencing depth coverage of different sequenced
Acidithiobacillus spp. used as references (individually or concatenated). (B) Comparative analysis of shared vs. exclusive genes between the metagenome derived
assembled genome (MAG) for the dominant taxon in the domesticated consortium (at Cycle 10) and sequenced A. ferrooxidans strains. (C) Genomic representation
of the MAG_RVS1 showing conservation of gene products in sequenced A. ferrooxidans strains and gene islands (GIs) encoding adaptive functions.

encoding the P-type ATPases involved in cellular detoxification,
and conferring resistance to lead, zinc and other heavy metal
cations, is of note. Also, restriction modification systems,
and stress response and management related genes concurred

with genes that are typically horizontally transferred (e.g.,
conjugation genes, transposases, and recombinases) in what
appeared to be strain specific mobile genetic elements or MGEs
(Figure 6C). These functions could have a significant role
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in adaptation and survival to adverse conditions experienced by
these acidophiles during growth in presence of gold concentrates.

CONCLUSION

The top down approach pursued in this work proved to be
a successful strategy to select and adapt an effective mineral
oxidizing community for the pretreatment of RGCs originating
from the Andacollo gold mineral district, and potentially also for
gold concentrates of similar mineralogy and characteristics. Key
to this achievement, were the comprehensive sampling of several
different mine sites and types of input material, the sequential
acclimatization to low pH, and the long-term adaptation to the
target mineral concentrate. Through this processes the RVS local
microbial consortium, obtained from an old mine tailing on site,
was domesticated to the RGC, i.e., selected for its ability to survive
under the specific polyextreme conditions imposed by the acidic,
oxidant and highly toxic settings evolving during biooxidation of
the gold mineral concentrate. Reasons behind the adequacy of the
RVS slurry sample to provide a microbial consortia that could
withstand the evolving physicochemical conditions imposed by
the experimental setup used, seem to be the comparable and
relative high concentrations of heavy metals (Pb, Zn, and Cd)
in the input material. Acidophiles colonizing microniches in this
slurry may have thus been pre-adapted to the characteristics
of the gold concentrate targeted. Based on this evidence, one
practice that the biomining industry should take in consideration
to achieve sustained or improved metal recoveries is to select and
maintain indigenous microbial consortia with desirable features
emerging from their pre-adaptation to specific target minerals
and enhanced capacities to thrive in man-made environments
originating from domestication under controlled conditions.

The domestication process evaluated in this study entailed
changes, from the input sample, through the adaptation
cycles, to the final RVS consortium, in both structure and
biooxidation capacity of the community. Results obtained
using sensitive directed metagenomic techniques indicated
that the operative conditions evolving through biooxidation
exerted strong selective pressures that, early on, purged the
biodiversity in favor of a few dominant members of the
genus Acidithiobacillus over other iron oxidizing acidophiles.
Metagenomic analysis of the domesticated consortium achieved
at the end of the adaptation experiment enabled reconstruction
of the RVS1-MAG, a novel representative of A. ferrooxidans
from the Andacollo gold mineral district. Comparative analysis
performed with this draft genome and available A. ferrooxidans
genomes from diverse geographical origins and industrial
settings, revealed a net enrichment of gene functions related

to heavy metal transport and stress management that are
likely to play a significant role in adaptation and survival
to adverse conditions experienced by these acidophiles during
domestication. Specific characteristics conferring to the RVS
consortium with improved biooxidation capacities await future
experimental evaluation and are conditioned to isolation in pure
culture of the dominant Acidithiobacillus ASVs (represented by
ASV1 and ASV2).
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