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Abstract
The prokaryotic communities of water bodies contaminated by acid mine drainage from the São Domingos mining area in 
southern Portugal were analyzed using a meta-taxonomics approach with 16S rRNA gene sequences. Samples were collected 
in two seasonal sampling campaigns (summer and winter of 2017) from the most contaminated sites from where the water 
flows downstream to the freshwater reservoir of the river Chança. The physicochemical data indicate a trend of decreasing 
acid mine drainage contamination downstream of the mining area to the Chança’s reservoir. The most contaminated sites 
(pH = 2.3–3.1) are distinguished by prokaryotic diversity with high abundances of operational taxonomics units related to 
acidophiles (genera Metallibacterium, Acidibacter, Leptospirillum, Acidobacterium, Thiomonas, Acidicapsa, Acidocella, 
Acidiphilium; family Acidobacteriaceae, order CPla-3 termite group). Likewise, in the transition zone in the mouth of the 
contaminated water flow into the Chança´s reservoir (pH = 6.4), a specific prokaryotic flora exists with some acidophiles, 
but notably with a cyanobacteria bloom and a high abundance of the genus Sediminibacterium (family I; order Subsection 
III). Moreover, the strong correlation between the abundance of acidophiles and characteristic physiochemical parameters 
(metals, acidity, and sulfate) confirm their potential as biomarkers of acid mine drainage pollution.
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Introduction

Located in the Beja district of the Alentejo region, the São 
Domingos mine is one of the most famous abandoned met-
alworking mines in Portugal. The site of the mine is part of 
a vast geographical area with particular geological features 
called the Iberian Pyrite Belt which extends from Rio Tinto 
in Spain along the southern region of Portugal, and is con-
sidered as one of the largest metallogenetic provinces of 
volcanogenic massive sulphides (VMS ores) in the world 
(Alvarenga et al. 2012; Álvarez-Valero et al. 2008). The 
São Domingos mine was extensively exploited during the 
Roman and Islamic occupations of the Iberian Peninsula, 
and between 1857 and 1966 the mine was the largest mine 
operating in Europe. Massive pyrite was the main mineral 
ore extracted, but extraction also included ores associated to 
other metals such as copper (Cu), aluminium (Al), arsenic 
(As), lead (Pb), antimony (Sb), zinc (Zn) and mercury (Hg) 
(Tavares et al. 2008). Since mining activity ceased in the 
1960s, the mine has been left without any local surveillance 
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or containment, which has led to a serious environmental 
deterioration of the region. A Portuguese public company 
(Empresa de Desenvolvimento Mineiro, S.A.) is responsi-
ble for the environmental rehabilitation of the mine, and 
although this process was initiated in 2005, it has been sus-
pended for a long time and most of the work is still to be 
executed (Dias-Sardinha et al. 2013). Considerable amounts 
of mining waste is exposed to air and water producing acid 
mine drainage (AMD) which is characterized by low pH 
values, usually close to 2, and high concentrations of sul-
phate and metals [mainly Al, iron (Fe), Zn and Cu]. Indeed, 
AMD is one of the most important sources of contamination 
in abandoned mining areas, and the São Domingos mine 
significantly affected (Alvarenga et al. 2012).

AMD affects various water bodies within several kilome-
ters of the São Domingos mine, including the São Domingos 
stream which passes near the open-pit mine lake and flows 
along the mining area valley, and the dam lakes that are 
scattered throughout this area (Fig. 1). Water, therefore, pro-
motes the transportation of metals and other mining wastes 
throughout a large area and likely impacts the microbial 
diversity of the water and sediments (Pereira et al. 2015). 
Downstream of the mine site, the São Domingos stream 
joins the uncontaminated Mosteirão stream at a confluence 
called “Telheiro” and the merged contaminated water flows 
to the Chança reservoir before joining the Guadiana River 
near the Spanish borders close to where the Chança dam 

was built by the Spanish government in 1985. On the Por-
tuguese side of São Domingos stream, a system of chan-
nels and dams were constructed during recent years which 
were intended to promote the evaporation the acidic water 
and thereby control its discharge into the Chança reservoir 
(Abreu et al. 2008). However, in the rainy season, when the 
streams are full, the contaminated water still reaches the 
Chança reservoir, although the uncontaminated Mosteirão 
stream reduces the concentration of AMD.

Phylogenetic and taxonomic studies of Bacteria and 
Archaea are typically based on the 16S rRNA gene due to its 
relatively slow rate of evolution and its ubiquitous presence 
in prokaryotes (Janda and Abbott 2007; Jovel et al. 2016). A 
recent approach, known as meta-taxonomics (Marchesi and 
Ravel 2015), uses high-throughput sequencing of millions of 
16S rRNA gene sequences from environmental DNA sam-
ples. The sequences are then clustered into groups according 
to sequence similarities and taxonomically classify as OTUs 
based on their similarities to existing sequences in databases.

The AMD microbial ecosystem has been studied exten-
sively (e.g. Schrenk et al. 1998; Bond et al. 2000; Bruneel 
et al. 2006). The typical acidophilic microbial population of 
AMD is difficult to identify using traditional methods as they 
require highly specific conditions for cultivation. Indeed, to 
date, no study has been conducted to investigate the com-
munities of prokaryotes present in the water bodies of the 
São Domingos mining area. Thus, the main objective of this 
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Fig. 1   Google Maps image (images © 2019 Google, Map data © Instituto Geográfico Nacional) showing the São Domingos mine area and the 
sampling sites
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study was to characterize the prokaryotic diversity of the 
water bodies within the São Domingos mining area by iden-
tifying their constituent bacteria and archaea using a meta-
taxonomic approach, and to evaluate the degree to which 
these populatoions are affected by AMD. The correlation 
between the most abundant prokaryotic microbiomes of the 
studied water bodies and the physicochemical characteristics 
of the sampled waters was analyzed to assess the effects of 
pollution on prokaryotic diversity. These analyses enabled 
us to explore the potential value of specific microbial taxa 
as bioindicators of mine pollution and provide baseline data 
to establish monitoring strategies for future restoration plans 
of abandoned mines.

Material and methods

Sample collection and processing

Samples of water were collected from six different sites 
located in the mining area of São Domingos in southern 
Portugal (Fig. 1). Each site was selected based on its location 
and distance from the pit lake and surrounding mine-waste 
piles, which were assumed to be the main source of AMD 
contamination. Longitude and latitude for each site were 
defined using a Map 330 GPS. All the samples were col-
lected in sterile acid-washed bottles from the surface of the 
water body and immediately transported to the laboratory 
(2 h distance), and processed next day. Approximately, 5 L 
of water was collected at each site and a volume of 50 mL of 
sodium azide solution (50 mMol) was added to the samples 

to inhibit bacterial growth during the transportation to the 
laboratory and the overnight storage.

The samples names, the sampling site coordinates, and 
their brief descriptions are summarized in Table 1. Site 0, 
located on the Mosteirão stream before it merges with the 
São Domingos stream was selected as a control sample. Site 
2, located at the Chança reservoir, was chosen as it is likely 
a site where the AMD contamination is very low. Site 5 was 
selected due to its location in the area called “Telheiro” in 
the confluence of the contaminated São Domingos stream 
and the non-contaminated Mosteirão stream, while sites 3 
and 6 were selected due to their locations downstream and 
upstream to the confluence point, respectively. Site 7, a small 
dam at São Domingos stream located downstream the dam 
called “Tapadinha”, is highly impacted by AMD.

Sampling was performed during winter and summer sea-
sons, in February and September 2017, respectively, aim-
ing to study the impact of seasonal factors on the chemical 
characterization and on the bacterial diversity of the water 
samples. However, the sites S0s, S5s and S6s were dry in 
summer and, thus, could not be assessed.

Physicochemical characterization

Water temperature, pH, electro-conductivity (EC), and dis-
solved oxygen (DO) were determined in situ during sam-
pling using a multiparameter probe (YSI Professional Plus. 
ProPlus). Sulphate and phosphate concentrations were 
analyzed in the laboratory by molecular UV/visible spec-
trophotometry (HACH DR2800), at 520 nm and 880 nm, 
using the Sulphate Ver Reagent and the Total High Rang 

Table 1   Designation, location and description of the São Domingos waterbodies sampling sites

Site ID Winter 
designa-
tion

Summer 
designa-
tion

Site name Latitude/longitude Brief description of the site

Site 0 S0w – Mosteirão stream 37.635849, − 7.516451 Mosteirão stream—a small brook (dry in the summer). 
Not impacted by AMD until it merges with the São 
Domingos stream, thus used as reference

Site 2 S2w S2s Chança reservoir 37.612376, − 7.494921 Large reservoir with dammed water from Chanca’s river 
into which the contaminated water flows. Low AMD 
contamination

Site 3 S3w S3s Upstream Chança reservoir 37.624352, − 7.514251 Transition zone between the contaminated stream and 
Chança´s reservoir. Low to moderate AMD contami-
nation

Site 5 S5w – Telheiro 37.636529, − 7.513189 Site where the water coming from Site 0 is mixed with 
the water coming from Site 6 (dry in the summer). A 
mixture of uncontaminated and AMD contaminated 
water

Site 6 S6w – São Domingos stream 37.635274, − 7.513640 A small stream downstream site 7, after merging with 
several non-contaminated water streams (dry in the 
summer). Moderate to high AMD contamination

Site 7 S7w S7s Tapadinha 37.659461, − 7.505471 Medium-sized dammed reservoir containing reddish 
brown acidic water. Very high AMD contamination
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Phosphorus Test, respectively (both from HACH). Fe, Zn, 
Al, and Cu concentrations were analyzed by microwave 
plasma atomic emission spectroscopy (MP-AES) with an 
Agilent 4200 equipment, using viewing positions at 0, read 
times of 3 s, nebulizer flows of 0.5, 0.7, 0.95 and, 0.45 L/
min for Fe, Zn, Al and Cu, respectively, using the following 
emission wavelengths: Fe—373.486 nm, Zn—213.857 nm, 
Cu—324.754  nm, Al—396.152  nm, and using calibra-
tions curves with R2 regression values higher than 0.999 
build with the following standards: Fe—0.5, 1, 5, 10, 25, 
50, 75, 100 mg/L, Zn—0.5, 1, 5, 10, 25, 50, 75, 100 mg/L, 
Al—0.5, 1, 5, 10, 25, 50, 75, 100 mg/L, Cu—0.5, 1, 5, 10, 
25, 50 mg/L. Metal concentrations were recorded as the 
mean and standard deviations among the analyses of five 
emission reads (Table 2).

DNA extraction

A total volume between 1 and 1.75 L of water sample was 
filtered (until the filter was clogged) using a 0.22 µm filter 
(Nylon filters, Whatman® GE Healthcare Life Sciences, 
UK). The filter was cut into small pieces (around 3 mm) 
and used for DNA extraction using the PowerSoil® DNA 
Isolation Kit (Mo Bio Laboratories, Carlsbad, CA, USA) as 
described in the manufacturer’s protocol. The concentration 
and quality of eluted DNA were determined using a spec-
trophotometer (NanoDrop3300, Thermo Fisher Scientific, 
USA).

Library preparation for high‑throughput 
sequencing

Prokaryotic 16S rRNA gene sequence (V4 region) libraries 
were prepared by a custom protocol based on an Illumina 
protocol (Illumina 2015). Up to 10 ng of extracted DNA 
was used as a template for PCR amplification of the V4 
region of the 16S rRNA gene. Each PCR (25 µL) contained 
dNTPs (100 µM of each), MgSO4 (1.5 mM), Platinum®Taq 
DNA polymerase HF (1 U), 1X Platinum® High Fidelity 
buffer (Thermo Fisher Scientific, USA) and tailed primer 
mix (400 nM of each forward and reverse). PCR was run 
with the following cycle conditions: initial denaturation at 
95 °C for 2 min, 35 cycles of amplification (95 °C for 20 s, 
50 °C for 30 s, 72 °C for 60 s) and a final elongation at 72 °C 
for 5 min. Duplicate PCRs were performed for each sample 
and the duplicates were pooled after PCR. The forward and 
reverse tailed primers were designed as described by Illu-
mina’s Support Center (2015) and targeted to the bacterial 
and archaeal V4 region of the 16S rRNA gene (Caporaso 
et al. 2011): 5′-GTG​CCA​GCMGCC​GCG​GTAA (515F) and 
5′-GGA​CTA​CHVGGG​TWT​CTAAT (806R). The primer 
tails enable attachment of Illumina Nextera adaptors for 
sequencing in a subsequent PCR. The resulting amplicon Ta
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libraries were purified using the standard protocol for Agen-
court Ampure XP Bead (Beckman Coulter, USA) with a 
modified bead to sample ratio of 4:5. The DNA was eluted 
in 33 µL of nuclease-free water (Qiagen, Germany). DNA 
concentration was measured using Qubit HS DNA Assay kit 
(Thermo Fisher Scientific, USA).

Sequencing libraries were prepared from the purified 
amplicon libraries using a second PCR. Each PCR (25 µL) 
contained 1× PCRBIO HiFi buffer (PCR Biosystems, UK), 
PCRBIO HiFi Polymerase (1U) (PCRBiosystems, UK), 
adaptor mix (400 nM of each forward and reverse) and up 
to 10 ng of amplicon library template. PCR was run with the 
following cycle conditions: initial denaturation at 95 °C for 
2 min, eight cycles of amplification (95 °C for 20 s, 55 °C 
for 30 s, 72 °C for 60 s) and a final elongation at 72 °C 
for 5 min. The resulting sequencing libraries were purified 
using the standard protocol for Agencourt Ampure XP Bead 
(Beckman Coulter, USA) with a modified bead to sample 
ratio of 4:5. The DNA was eluted in 33 µL of nuclease-free 
water (Qiagen, Germany). DNA concentration was meas-
ured using Qubit HS DNA Assay kit (Thermo Fisher Scien-
tific, USA). Gel electrophoresis using Tapestation 2200 and 
D1000 screentapes (Agilent, USA) was used to check the 
product size and purity of a subset of sequencing libraries.

16S rRNA gene amplicon sequencing

The purified sequencing libraries were pooled in equimo-
lar concentrations and diluted to 2 nM. The samples were 
sequenced (251–301 bp) on an MiSeq (Illumina, USA) using 
an MiSeq Reagent kit v3 following the standard guidelines 
for preparing and loading samples on the MiSeq. The Phix 
control library was used as an in-run control (20% spiked-
in) for run quality monitoring to overcome the issue of low 
complexity that is often observed with amplicon samples. 
Sequencing was performed by DNASense Company (Aal-
borg, Denmark). Amplicon sequencing data reported in this 
study have been submitted to the Sequences Read Archive 
SRA database with the accessing number: PRJNA472343.

Bioinformatics and statistical analysis

Forward reads were trimmed to 225 bp, de-replicated, and 
formatted for use in the UPARSE workflow (Edgar 2013). 
The de-replicated reads were clustered, using the “cluster_
otus” command of USEARCH (vers. 7.0.1090; Edgar 2013) 
with default settings. Sequences were clustered into OTUs 
at a 97% sequence identity using the “usearch_global” com-
mand with parameter-id 0.97. Taxonomy was assigned using 
the RDP classifier (vers. 11; Wang et al. 2007) as imple-
mented in the parallel_assign_taxonomy_rdp.py script in 
QIIME (vers. 1.7.0; Caporaso et al. 2010), using the MiDAS 
database (vers.2.1.2; Mcilroy et al. 2017). The results were 

analyzed in R (vers. 1.0.153; R Core Team 2017) through 
the RStudio IDE using the “ampvis” package (vers. 2.2.6; 
Albertsen et al. 2015). Shannon and Simpson diversity indi-
ces were calculated with raw and normalized OTUs tables, 
using the R package “RAM” (Chen et al. 2018). To extract 
the discriminatory information from the data, principal com-
ponent analysis (PCA) was used to analyze the inter-correla-
tion between the variables describing the given observation 
and concentrate the information in new orthogonal variables, 
or the principal components (Abdi and Williams 2010). The 
plotting of the data was focused on the two first principal 
components. The “ampvis” package was used to run the 
PCA with OTU abundances higher than 0.1%, while the 
MultBiplot package (vers.16.0430; Vicente-Villardón 2015) 
of MATLAB (MATLAB and Statistics Toolbox Release 
2016) was used to run the PCA with the physicochemical 
parameters, which were normalized to eliminate possible 
effects of the variability between their scales.

Results and discussion

Physicochemical characterization of the water 
bodies

Physicochemical parameters are the traditional and the 
most common indicators of water quality. Mining pollution 
directly affects the quality of a water resource by dissolution 
and transportation of mining contaminants such as heavy 
metals and sulphate. The toxicity of these elements depends 
essentially on their oxidation state and their solubility in the 
environment. These characteristics are strongly related to 
other physicochemical parameters in water such as EC, DO 
and pH. While all metals can conduct electricity, the EC of 
mine-contaminated water has typically been used as marker 
of metal pollution in addition to the pH (Salomons 1995).

In this study, the physicochemical characteristics of the 
sampling sites show a general trend of increasing mining 
contamination (from sites 2–7), except at the control site 
(S0w) which is the only sample with all metal concentra-
tions below the limits of detection (LOD). The most con-
tamination was found at sites 6 and 7, the closest sampling 
sites to the sources of contamination at the pit lake and to 
the debris from mining activity Both sites 6 and 7 had high 
values of EC, high sulphate and metal concentrations, and 
very low pH values: all characteristics of extremely contami-
nated environments. The chemical characterization of the 
samples collected in São Domingos mine during the winter 
and summer seasons is shown in Table 2.

The highly acidic pH value (2.26) measured at site 7 in 
summer (S7s) is similar to the values previously reported 
for AMD samples from São Domingos mine (Martins 
et al. 2011; Pérez-López et al. 2010), as well as for AMD 
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collected at the Rio Tinto mine in Spain, also located on 
the Iberian Pyrite Belt (Hubbard et al. 2009). The highest 
EC readings also occurred in the most contaminated sam-
ples S7w and S7s and are in the range of values previously 
reported in this mining area (Martins et al. 2011; Pérez-
López et al. 2010) and much higher than the values reported 
for example in Zarza-Perrunal stream (12.99 µs/cm), another 
impacted environment located in the Iberian Pyrite Belt in 
Spain (González-Toril et al. 2011). As for the pH and EC, 
the concentration of sulphate is directly related to the con-
tamination degree of the samples and results from the oxi-
dation of sulphide mineral wastes, such as pyrite. Indeed, 
sulphate concentrations increased considerably between site 
2 and site 7. Again, these concentrations of sulphate were 
in the range of values reported for this mining area, and for 
example lower than values recorded in a similar Chinese 
mine (3787 ± 2129 mg/L) (Kuang et al. 2013) and higher 
than in the Guryong mine in South Korea (Kim et al. 2009).

DO concentration is a complex parameter to interpret 
with regard to water contamination as it is known to depend 
on both chemical and biological factors, namely on the 
occurrence of microbially-mediated reactions, as well as 
the movement of the water. The values of DO concentration 
recorded at the sites were similar and show that all samples 
were collected from well aerated sites, as was to be expected 
from surface waters. Thus, in this case, the contamination 
seems not to affect the aerobic conditions in the superfi-
cial water bodies contaminated with AMD. The DO values 
reported in this study reveal that the sampled sites were more 
oxygenated than superficial water samples taken from simi-
lar contaminated waters (Kim et al. 2009; González-Toril 
et al. 2011; Kuang et al. 2013).

The concentrations of the metals known to be the most 
abundant in the AMD of São Domingos mine (Fe, Zn, Al, 
and Cu) were measured in the collected samples. Samples 
from site 7 (S7w and S7s) had much higher concentrations 
of metals than the other samples. These high concentrations 
at site 7 are because it is the closest site to the pit lake and 
debris from mining activity and, therefore, leaching of metal 
sulphide waste is much more pronounced, leading to highly 
acidic pH and increased solubility of sulphate and metals. As 
the water flows downstream from the source of contamina-
tion, other uncontaminated streams converge with it diluting 
the contaminants and promoting metal precipitation due to 
pH neutralization.

The highest phosphate concentration was reported in 
samples with the least metal contamination, S0w, followed 
by S2w, and S3w. All the other samples showed very low 
phosphate concentrations. This is largely explained by the 
high absorption of phosphate to metal surfaces which pro-
mote its precipitation (Mekki and Sayadi 2017).

Seasonal variations in the physicochemical character-
istics of water bodies can influence the microbial density 

and diversity of the aquatic ecosystems (Gilbert et al. 2009; 
Clarke et al. 1996). It should be emphasised that in the pre-
sent study the investigation of the effect of seasonal varia-
tions on the physicochemical characteristics was limited to 
samples from sites 2, 3 and 7 collected in winter (February 
2017) and summer (September 2017), because sites 0, 5 and 
6 were dry in the summer. The São Domingos mine region 
has a dry and sunny climate in the summer, with an average 
temperature of 32.5 °C during the summer of 2017 and a 
cold climate with precipitation in the winter, with 5.4 °C 
average temperature in the winter of 2017 and an average 
precipitation between 2.54 and 83.82 mm in the same year. 
Water samples collected in September after a prolonged dry 
summer showed considerably higher values of temperature 
in comparison to those collected in February (Table 2), with 
differences of 12.8, 13.7 and 14.4 °C, for sites 2, 3 and 7, 
respectively. Major differences between summer and winter 
samples were observed in sites 7 and 3 with respect to EC, 
sulphate and metal concentrations. Hence, the variations 
between samples S7w and S7s are likely due to changes from 
a wet to a dry climate. Metals and sulphate are more concen-
trated in the summer as expected, due to strong evaporation 
of water in the reservoir corresponding to site 7 and to the 
deficiency of rain in the months that preceded sampling. 
June, July and August were the warmest months of year 
2017, with monthly averages for the maximum temperatures 
of 32, 34 and 34 °C, respectively, and total rain precipita-
tion below 5 mm in the São Domingos mine region (https​://
www.ipma.pt/pt/oclim​a/monit​oriza​cao/). On the other hand, 
because the stream passing through sites 5 and 6 was dry 
during the summer, there was no transportation of contami-
nants to the downstream sites 2 and 3 in that season. This 
may explain why Zn, Cu and Al concentrations in the sample 
collected at site S3 in winter (S3w) are above the respec-
tive LODs, while in the sample collected at the same site in 
summer (S3s) their concentrations were below the LODs.

Prokaryotic richness and diversity of water bodies

In this study, the measurement of the diversity of prokaryotic 
communities is based on relative abundances of 16S rRNA 
gene sequences. These are not absolute abundances of each 
microbe in the community but have been widely used as an 
indirect measure in such studies.

Sequencing results

A total of 297,826 single-end Illumnia sequence reads were 
generated from partial 16S rRNA gene sequences in the nine 
water samples from the São Domingos mine. The length of 
the sequence reads was 225 bp after quality trimming. The 
number of reads retrieved from each sample as well as their 

https://www.ipma.pt/pt/oclima/monitorizacao/
https://www.ipma.pt/pt/oclima/monitorizacao/
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number of OTUs is listed in Table ESM_1.1 on the Online 
Resource 1.

Prokaryotic community richness and evenness

The diversity of bacteria and archaea in each sample was 
studied using Shannon and Simpson diversity indices. Both 
are calculated using the number of OTUs and their respec-
tive abundances, thereby taking into consideration the rich-
ness and evenness of OTUs within communities. However, 
while the Shannon index is more greatly influenced by spe-
cies richness and by rare species, the Simpson index gives 
more weight to evenness and common species (Shannon 
1948; Simpson 1949; Spellerberg and Fedor 2003; https​
://www.david​zelen​y.net/anada​t-r/doku.php/en:div-ind). 
Moreover, since normalization of the OTUs table (equalis-
ing the number of reads in each sample) can distort alpha 
diversity comparisons in some datasets, the indices were 
calculated using both the raw OTUs tables and normalized 
OTUs tables.

The Shannon and Simpson indices, either calculated 
using raw or normalized OTUs tables, revealed similar 
results (Table ESM_1.2 on the Online Resource 1). In win-
ter, when AMD was flowing all the way down to the Chan-
cha’s reservoir, the prokaryotic diversity indices were much 
lower in the site closest to the São Domingos mining area 
(site S7w) than inside the large downstream reservoir (site 
S2w), while in the intermediate zones (sites S3w, S5w and 
S6w) the indices indicated intermediate diversities. This 
indicates a decrease of the prokaryotic richness and even-
ness is correlated with an increase of AMD contamination. 
Interestingly, the diversity indices in the reference water 
stream not affected by AMD (site S0w) also have interme-
diate values compared to sites S7w and S2w. This may be 
due to different causes, but the results reported here are not 
sufficient to provide an explanation for this observation.

Observations of seasonal variations in the study param-
eters are limited to sites 2, 3, and 7. Nevertheless, it is pos-
sible to see that from winter to summer the diversity at 
site S3 increased, becoming more similar to the diversity 
observed at site S2, and the diversity at site S7 fell during 
the summer when compared to winter. These differences are 
related to changes in physicochemical parameters of these 
sites. As noted above, the stream that carries the contami-
nated water from the mine area to the Chança’s reservoir 
was dry at the time of the summer sampling, therefore, in 
summer site S3 no longer acted as a transition zone, being 
instead a sample similar to that taken from the Chança’s 
reservoir. On the other hand, at site 7 water evaporation in 
the dry season concentrated metals and sulphate, creating 
conditions that few microorganisms could withstand, thereby 
reducing species richness at this site in the summer. Previous 
investigations have also documented similar seasonal effects 

on the microbial diversity in AMD impacted environments 
(González-Toril et al. 2011; Edwards et al. 1999).

Prokaryotic community composition

Phylum level

The prokaryotic community structure was determined at 
the phylum level for all the samples according to the clas-
sification of the OTUs identified by the V4 region of the 
16S rRNA gene sequences. 97% and 2% of the total reads 
corresponded to bacterial and archaeal sequences. 1% of the 
reads were identified as 16S rRNA gene sequences but were 
assigned “unclassified taxa” because of insignificant similar-
ity values to those in public database. The graphs in Online 
Resource 2 show the relative abundances of dominant phyla 
(≥ 1% of the dataset) at the different sites sampled in winter 
and summer, with the label “others” representing all taxa 
that scored a relative abundance below 1%.

Microbial communities were in general dominated by 
taxa from the phylum Proteobacteria (minimum: 36% in 
S2w; maximum: 62% in S7s), with the next most abundant 
phyla being the Bacteroidetes, Actinobacteria, Acidobac-
teria, Cyanobacteria, or unclassified phyla, depending on 
the level of AMD contamination. These results are consist-
ent with other studies that reported the dominance of these 
phyla in comparable habitats (Kim et al. 2009; Okabayashi 
et al. 2005).

At the phylum level, besides Proteobacteria with rela-
tive abundances above 35% in all samples, the other phyla 
reveal clear distinctions between groups of samples. The 
most pronounced difference between samples is the relative 
abundance of phylum Bacteroidetes, which is lower than 
1% in samples S6w, S7w and Ss7, with more acidic pHs 
(between 2 and 3), and between 18 and 39% in all other 
samples where the pH values are closer to 7 (between 5 and 
8). Furthermore, four types of samples can be distinguished:

	 (i)	 the reference sample of the water stream not affected 
by AMD (S0w) and the sample taken at the conflu-
ence between this stream and the contaminated water 
course from the mine zone (S5w), both collected in 
the winter, have high abundances of Bacteroidetes 
(36% and 39%) and of Actinobacteria (both 14%) and 
abundances between 1 and 5% for Verrucomicrobia 
and for “others”;

	 (ii)	 the samples collected in winter and summer at the 
transition site where the contaminated water stream 
drains into the Chança’s reservoir (S3w and S3s) 
and those collected in this reservoir but at a loca-
tion further away from this mouth (S2w and S2s) 
have high abundances of Bacteroidetes (minimum: 
18%, maximum 26%) and Actinobacteria (minimum: 

https://www.davidzeleny.net/anadat-r/doku.php/en:div-ind
https://www.davidzeleny.net/anadat-r/doku.php/en:div-ind
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6%, maximum 31%), relatively high abundances of 
Cyanobacteria (minimum: 2%, maximum 15%) and 
Verrucomicrobia (minimum 2%, maximum 4%) and 
abundances of 1–2% for the “others”—in addition, 
there are subgroups of 2 or 3 of these samples that 
have abundances between 1 and 4% of Planctomy-
cetes, Chloroflexi, Acidobacteria, Armatimonadetes 
and of unclassified taxa;

	 (iii)	 the samples with high contamination collected in 
the winter at the two locations successively closer to 
the mine (S6w and S7w) have both high abundances 
of Acidobacteria (21% and 19%) and Actinobacte-
ria (7% in both) and relatively high abundances of 
Planctomycetes, Nitrospirae, “others” and unclassi-
fied taxa (2–7%);

	 (iv)	 the sample with most extreme contamination, col-
lected in the summer at the closest site to the mine 
area (S7s), is distinguished by having a high abun-
dance of unclassified taxa (28%) and by having in 
addition to Proteobacteria only one other phylum 
with more than 1% abundance: Planctomycetes 
(7%)—the sum of “others” in this sample is 3%.

Lower taxonomic levels

OTUs were assigned to lower taxonomic classification lev-
els to conduct a more detailed analysis of the composition 
of the prokaryotic communities and further understand the 
differences in dominant taxa between the samples. The 30 
most abundant prokaryotes among all sites sampled in win-
ter and in summer were classified separately and compared 
(Tables 3 and 4). 

In winter, there were nine prokaryotic taxa (first nine 
lines of Table 3) with abundances varying between 1.3% 
and 21.7% in the most contaminated samples (S6w and 
S7w), which had abundances of just 0.2% or less in the 
non- or less contaminated samples (S0w, S2w, S3w and 
S5w), while on the contrary, there were nineteen taxa (last 
19 lines of Table 3) with varying abundances in these non- 
or less contaminated samples, yet which were not detected 
in both the highly contaminated samples S6w and S7w. 
Moreover, two taxa (lines 10 and 11 of Table 3) had rela-
tively high abundances (> 5%) in one or both the highly 
contaminated samples S6w and S7w as well as in at least 
one of the two samples from transition zones: at the mouth 
of the contaminated stream with the Chança’s reservoir 
(S3w) and at the confluence of the uncontaminated stream 

Table 3   Relative abundances 
(%) of the 30 most abundant 
prokaryotes among all water 
samples collected at São 
Domingos mining area during 
winter

Classification S0w S2w S3w S5w S6w S7w
Proteobacteria; Metallibacterium 0.0 0.0 0.0 0.0 3.3 21.7
Proteobacteria; Acidibacter 0.0 0.1 0.1 0.1 4.5 13.5
Acidobacteria; f__Acidobacteriaceae (Subgroup 1)_OTU_16 0.0 0.0 0.0 0.0 1.6 7.4
Nitrospirae; Leptospirillum 0.0 0.0 0.0 0.1 2.5 6.2
Acidobacteria; Acidobacterium 0.0 0.0 0.0 0.0 4.3 2.6
Proteobacteria; Thiomonas 0.0 0.0 0.0 0.1 3.3 3.4
Acidobacteria; Acidicapsa 0.0 0.0 0.0 0.0 2.4 3.1
Planctomycetes; o__CPla−3 termite group_OTU_43 0.0 0.0 0.0 0.0 1.3 3.2
Proteobacteria; Acidocella 0.0 0.1 0.0 0.2 2.8 1.5
Proteobacteria; Acidiphilium 0.0 0.0 0.1 7.0 12.2 5.6
Proteobacteria; c__Betaproteobacteria_OTU_3 0.0 0.6 7.0 3.0 5.9 0.0
Bacteroidetes; Flavobacterium 20.5 4.7 2.1 15.7 0.0 0.0
Bacteroidetes; Sediminibacterium 2.9 7.8 14.4 2.8 0.0 0.0
Bacteroidetes; Pseudarcicella 7.8 1.8 3.3 13.3 0.0 0.0
Proteobacteria; Limnohabitans 12.8 2.4 1.0 4.1 0.0 0.0
Cyanobacteria; f__FamilyI_OTU_8 0.0 2.8 14.1 0.0 0.0 0.0
Proteobacteria; f__Comamonadaceae_OTU_7 0.8 2.3 12.1 0.2 0.0 0.0
Proteobacteria; Polynucleobacter 5.3 1.4 2.8 6.5 0.0 0.0
Actinobacteria; f__Sporichthyaceae_OTU_15 0.5 8.9 2.0 0.8 0.0 0.0
Actinobacteria; hgcI clade 4.0 2.7 0.7 3.2 0.0 0.0
Actinobacteria; f__Sporichthyaceae_OTU_24 1.2 6.6 1.2 0.7 0.0 0.0
Proteobacteria; f__Comamonadaceae_OTU_177 5.0 1.7 0.7 2.7 0.0 0.0
Actinobacteria; f__Sporichthyaceae_OTU_35 4.7 1.5 0.5 3.1 0.0 0.0
Bacteroidetes; Fluviicola 5.6 1.2 0.2 2.7 0.0 0.0
Proteobacteria; Methylotenera 4.2 0.2 0.1 2.4 0.0 0.0
Proteobacteria; LD28 freshwater group 0.3 4.4 1.5 0.1 0.0 0.0
Proteobacteria; f__Comamonadaceae_OTU_25 4.1 0.1 0.1 2.2 0.0 0.0
Proteobacteria; f__Comamonadaceae_OTU_91 2.4 1.4 0.9 0.9 0.0 0.0
Proteobacteria; f__Comamonadaceae_OTU_104 4.4 0.3 0.3 0.7 0.0 0.0
Actinobacteria; f__Sporichthyaceae_OTU_46 2.6 0.5 0.2 1.7 0.0 0.0

The names are shown based on the phylum and the genus assignment or the phylum and the low-
est possible taxonomic assignment (class (c__), order (o__) or family (f__)) together with the OTU 
number
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with the contaminated stream (S5w). Indeed, sample S3w 
had a unique distribution of relative abundances among the 
most abundant taxa, and had a characteristic high percent-
age of Cyanobacteria (14.1%)—which is in accordance 
with the blue-green colour of the water at that site—and a 
high percentage of genus Sediminibacterium. By contrast, 
sample S5w, though being slightly more acidic and with 
higher sulphate and metal contamination than sample S3w, 
had a similar composition of prokaryotes (except for the 
already mentioned two taxa in lines 9 and 10 of Table 3) to 
the non-contaminated reference sample S0w, both included 
high percentages of the genera Flavobacterium, Pseudar-
cicella, Limnohabitans and Polynucleobacter. This can 
be explained by a very weak water flow in the transition 
zone in site S3 at the entry of the Chança’s reservoir, thus 
creating conditions for the establishment of new equilib-
ria in the microbial population, while by constrast, the 
two streams entering in the confluence zone at site S5 had 
relatively strong flows. Therefore, the microbial population 
at S3 was the result of an equal mixing of the microbial 
populations from the two streams from sites S0 and S6. 
However, the distribution of microbial populations seems 

to indicate that sample S5w is mostly composed by water 
coming from site S0, and this observation is corroborated 
by its pH, sulphate and metal concentrations (Tables 2, 3).

During summer, the same pattern was observed among 
the 30 most abundant prokaryotic taxa. Three taxa (first 3 
lines of Table 4) were representative of the extremely con-
taminated sample collected in the mine area (S7s) and 26 
(last 26 lines of Table 4) were characteristic of both sam-
ples collected in Chança’s reservoir (S2s and S3s) uncon-
taminated with AMD in summer due to prolonged drought. 
In addition, one taxa (line 4 of Table 4) was common to 
all the three samples, though with low abundances (< 1%) 
in samples S2s and S3s and a relatively high abundance 
(7.7%) in sample S7s. Three of the four taxa found to be 
distinctive for such extreme conditions in summer were 
also among the nine taxa characteristic of the most con-
taminated samples collected in winter and one remained 
unclassified.

These three taxa present in samples S6w, S7w and S7s 
(genera Acidiphilium and Acidibacter and the OTU_38 
from order “CPla-3 termite group” but not classified for 
the family and genus levels) have already been correlated 
with extremely acidic and highly metallic environments 
(Barns et al. 1999). Due to their acidophilic character, 
they can survive in extreme acidity, with pHs of 1.5–2.5 
(Kishimoto et  al. 1991). They have been isolated in a 
variety of environments including soils, oceans, metal-
contaminated waters, and acidic biofilms and were previ-
ously reported in AMD samples from the Rio Tinto mine 
in Spain (González-Toril et al. 2010), and the Nanshan 
deposits on Mountain Xiang in China (Hao et al. 2007). 
The other seven taxa which were among the most abundant 
in samples S6w and S7w, but not in S7s (genera Metal-
libacterium, Leptospirillum, Acidobacterium, Thiomonas, 
Acidicapsa, Acidocella and the OTU_16 from family 
Acidobacteriaceae (Subgroup 1) but unclassified at the 
generic level) were also previously reported in AMD sam-
ples from several mining areas (e.g. García-Moyano et al. 
2015; Ziegler et al. 2013; Zhang et al. 2019). The results 
obtained in this study, together with reports from other 
authors, reinforce the possibility of using these microor-
ganisms as bioindicators of AMD pollution.

Relatively high percentages of Cyanobacteria in tran-
sition zones (as observed in this study) have also been 
reported in other mining areas (e.g. Podda et al. 2000; 
Zhang et al. 2019). Indeed, the potential use of Cyanobac-
teria strains, isolated from booms occurring in such transi-
tion zones, for the polishing of heavy metals in mine waste 
waters has already been demonstrated (e.g. Podda et al. 
2000), thereby highlighting the interest in further studies 
focusing on isolating and describing the Cyanobacteria 
strain blooming at site 3 in winter.

Table 4   Relative abundances (%) of the 30 most abundant prokary-
otes among all water samples collected at São Domingos mining area 
during summer
Classification S2s S3s S7s
Proteobacteria; Acidiphilium 0.0 0.0 51.6
Unclassified_OTU_12 0.0 0.0 27.5
Planctomycetes; o__CPla−3 termite group_OTU_38 0.0 0.0 6.2
Proteobacteria; Acidibacter 0.9 0.8 7.7
Actinobacteria; hgcI clade 27.6 20.1 0.0
Proteobacteria; f__LD12 freshwater group_OTU_11 10.8 6.0 0.0
Proteobacteria; Polynucleobacter 3.6 9.1 0.0
Bacteroidetes; Candidatus Aquirestis 2.5 4.6 0.0
Proteobacteria; f__Comamonadaceae_OTU_22 3.8 3.0 0.0
Proteobacteria; LD28 freshwater group 2.4 2.1 0.0
Proteobacteria; f__Comamonadaceae_OTU_42 1.4 3.0 0.0
Proteobacteria; f__Burkholderiaceae_OTU_50 1.8 2.4 0.0
Proteobacteria; f__Comamonadaceae_OTU_66 1.9 2.2 0.0
Bacteroidetes; f__NS11−12 marine group_OTU_27 1.7 2.1 0.0
Bacteroidetes; f__NS11−12 marine group_OTU_62 1.3 2.4 0.0
Bacteroidetes; f__NS11−12 marine group_OTU_40 1.5 1.8 0.0
Bacteroidetes; Flavisolibacter 1.6 1.6 0.0
Bacteroidetes; Fluviicola 1.6 1.5 0.0
Actinobacteria; f__Sporichthyaceae_OTU_80 1.3 1.6 0.0
Proteobacteria; MWH−UniP1 aquatic group 1.3 1.5 0.0
Proteobacteria; f__Oxalobacteraceae_OTU_82 1.7 1.0 0.0
Bacteroidetes; Sediminibacterium 1.8 0.4 0.0
Bacteroidetes; f__NS11−12 marine group_OTU_1269 0.8 0.9 0.0
Armatimonadetes; Armatimonas 0.8 0.9 0.0
Chloroflexi; f__Roseiflexaceae_OTU_77 0.5 1.3 0.0
Actinobacteria; Candidatus Planktophila 1.0 0.7 0.0
Proteobacteria; f__Comamonadaceae_OTU_468 0.9 0.7 0.0
Actinobacteria; f__Sporichthyaceae_OTU_360 0.5 1.0 0.0
Verrucomicrobia; c__OPB35 soil group_OTU_93 0.6 0.8 0.0
Cyanobacteria; Synechococcus 0.7 0.7 0.0

The names are shown based on the phylum and the genus assignment 
or the phylum and the lowest possible taxonomic assignment [class 
(c__), order (o__) or family (f__)] together with the OTU number
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Winter and summer differences

Due to drought, sites 0, 5 and 6 were not sampled in summer 
and, therefore, differences in prokaryotic diversity between 
winter and summer were based on data only from sites 2, 3 
and 7. Although similar temperature raises were registered 
at these three sites, their profiles in terms of phyla with the 
highest relative abundances were variable: the greater the 
variation in levels of AMD contamination (between the sea-
sons, more pronounced were the changes in the prokaryotic 
communities.

At site 2, the major physicochemical differences from 
winter to summer were the decay of Al and the rise in pH 
from 6.65 to 7.65 (Table 2). These changes, caused by the 
interruption of AMD arrival to the Chança reservoir due to 
the drought, were enough to cause a reduction of Acidobac-
teria from 2% in winter to less than 1% in summer (Online 
Resource 2). At lower taxonomic levels, the major differ-
ences at site 2 were the reduction of representatives from 
the family Sporichthyaceae from 17.6% in winter to 2.6% in 
summer and the rise of representatives from the genus “hgcI 
clade” from 2.7 to 27.6% (Tables 3, 4). This also reflects 
the flow of AMD in to the Chança reservoir in winter but 
not in summer. It is known that the family Sporichthyaceae 
includes species adapted to moderately acidic environments, 
such as compost and human skin (Normand 2006; Lee et al. 
2018) while the genus “hgcI clade” is usually among the 
most abundant prokaryotes in freshwater reservoirs (Llirós 
et al. 2014; Keshri et al. 2018). At site 3, the changes were 
similar to those at site 2, but with more pronounced changes 
of concentrations of Zn and Cu (Table 2). In this case, the 
major changes at the phylum level were the reduction of 
Cyanobacteria (from 15 to 2%) and the increase of Actino-
bacteria (from 6 to 25%). At a lower axonomic level, the 
major changes at site 3 were the reduction of genus Sedimin-
ibacterium (from 14.4% to 0.4%), the reduction of a Cyano-
bacteria OTU classified in Subsection III, Family I (from 
14.1 to < 0.1%) and the increase of genus “hgcI clade” (from 
0.7 to 20.1%). These changes also reflect the discharge of 
AMD into the Chança reservoir in the winter and the inter-
ruption of this discharge in the summer. A relatively high 
abundancy of Sediminibacterium bacteria was previously 
observed in water sampled from a Canadian lake affected by 
AMD with a similar level of pollution as at site 3 in winter 
(Laplante et al. 2013). As noted above, blooms of Cyanobac-
teria in such transition zones may occur; however, the genus 
“hgcI clade” is typically highly represented in samples from 
freshwater reservoirs not affected by AMD. At site 7, the 
pH was extremely acidic in both seasons (≈ 2.3) and there 
was a large rise in the concentrations of sulphate and metals 
from winter to summer (Table 2). This might have led to the 
drastic decrease in the relative abundances of Acidobacte-
ria, Actinobacteria and Nitrospirae from 19%, 7% and 6%, 

respectively, in winter to less than 1% in summer, and a large 
rise of unclassified taxa from 2% in winter to 28% in sum-
mer. Interestingly, the relative abundance of Planctomycetes 
was not affected by the physicochemical changes at this site 
(6% in winter and 7% in summer). Planctomycetes is part of 
the PVC superphylum, a grouping of distinct phyla of bac-
teria which contains organisms adapted to sharply contrast-
ing habitats. Indeed, bacteria from this phylum have been 
previously reported in similar metal-rich environments (e.g. 
Kuang et al. 2013; Reis et al. 2016).

Correlations between physicochemical 
characteristics and prokaryotic diversity

The limited number of samples (three) collected in the sum-
mer season due to drought led to the decision to conduct this 
study with only the six winter samples.

Principal component analysis

To identify groups of samples with similar physicochemi-
cal profiles and groups of samples with similar prokaryotic 
communities, independent PCAs were performed for these 
two types of data.

The PCA of the physicochemical parameters reveals that 
the first two components allow the representation of 89.42% 
of data variability. The first component (PCA1) of the phys-
icochemical data accounts for 73.02% of the variability in 
the data and confirms a strong positive correlation between 
EC and sulphate (SO4

2−) and metals (Fe, Zn, Al, and Cu) 
concentrations, all with a negative correlation to pH. These 
parameters clearly discriminate the sample from the site 
most affected by AMD (S7w) from the other samples; all 
positioned in the graph along the x-axis according to the 
level of AMD pollution (Fig. 2a). The second component 
(PC2) represents just 16.40% of data variability and shows 
a negative correlation between the phosphate concentration 
and DO, according to which the sample S0w is distinguished 
from the others. In addition, the analysis shows that the tem-
perature has little influence on the physicochemical discrimi-
nation of samples.

A PCA graph displaying the coefficient vectors for all 
OTUs with abundances not lower than 0.1% would be illeg-
ible; therefore, only the points representing the distribution 
of samples according to the level of similarity regarding 
their prokaryotic communities are shown (Fig. 2b). The PCA 
shows that the first two components account for 84.9% of 
data variability and clearly separates the samples in three 
groups: the samples from the two sites most affected by 
AMD (S6w and S7w) cluster together in one group; the 
sample from the Chança’s reservoir (S2w) together with the 
sample from the transition zone of the AMD flow to this 
reservoir (S3w) form a second group, and the sample from 
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the water stream not affected with AMD (S0w) together 
with the sample from the confluence zone of this stream 
with the water flow affected by AMD (S5w) form a third 
distinct cluster. Except for sample S5w, this grouping of 
samples coincides with the distribution resulting from the 
PCA with the physicochemical data, confirming the strong 
influence of AMD pollution on the prokaryotic communi-
ties in the water bodies. The exceptional grouping of sample 
S5w (moderately contaminated with AMD according to the 
physicochemical parameters) with the reference sample S0w 
(not affected by AMD) was already evident in the analysis of 
the 30 most abundant prokaryotes and was discussed above 
in “Prokaryotic community composition” and “Lower taxo-
nomic levels”.

Correlations between abundance 
and physiochemical characteristics

A Pearson correlation matrix was calculated between the 
relative abundances of the 30 most abundant taxa and the 
physicochemical parameters. The results are displayed in 
a combined figure showing the clustering dendrograms 
and the r values of the correlation matrix illustrated as a 
heat map (Fig. 3). The dendrogram obtained for the phys-
icochemical parameters has three major clusters: cluster 
1—gathers the sulphate (SO4

2−) and the metals (Cu, Al, 
Fe, Zn) concentrations together with the EC; cluster 2—
has the DO concentration alone; cluster 3—has the pH 

grouped with the concentration of phosphate (PO4
3−). The 

dendrogram of the most abundant taxa also reveals three 
major clusters: cluster 1—the first ten taxa of Fig. 3, which 
according to the heat map have a strong positive corre-
lation with cluster 1 of the analysis of physicochemical 
parameters and a strong negative correlation with cluster 
3 of the physicochemical parameters, especially pH, but 
without or with weak correlations with cluster 2, indicat-
ing that the abundances of these taxa are strongly cor-
related with the level of AMD pollution but not with the 
observed low variation of DO; cluster 2—the next seven 
taxa of Fig. 3, which according to the heat map have a 
moderate negative correlation with cluster 1 of the analysis 
of physicochemical parameters of and no, or weak correla-
tions (neither positive nor negative) with the physicochem-
ical parameters of both clusters 2 and 3; cluster 3—the 
remaining 13 taxa, which according to the heat map have 
moderate negative correlations with the clusters 1 and 2 of 
the analysis of physicochemical parameters, and moderate 
to high correlations with the parameters of cluster 3. The 
ten taxa of cluster 1 are the same taxa in the first ten lines 
of Table 3, indicated in the “Prokaryotic community com-
position” as being distinctive biomarkers for water bod-
ies contaminated with AMD. The findings presented in 
Fig. 3 imply that the relative abundances of these taxa are 
directly correlated to the degree of AMD contamination. 
Thus, the evidence suggest that these taxa can be used as 
quantitative biomarkers for mine-drainage pollution.

Fig. 2   a Principal component analysis of normalized physicochemical parameter data. b Principal component analysis of taxonomic profiles 
with prokaryotic OTU abundances higher than 0.1%, in samples collected at São Domingos mining area in winter
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Conclusions

As anticipated the physicochemical parameters analyzed in 
this study confirm a trend of decreasing AMD contamination 
with increasing distance from the São Domingos mining 
area, with the least contaminated site being the freshwater 
reservoir of the Chança river, to where the AMD flows.

The species richness of the prokaryotic community of 
the water bodies affected by AMD coming from the São 
Domingos mining area increases as the acidity and metals 
and sulphate concentrations become more diluted as they 
flow to the Chança’s reservoir. Indeed, prokaryotic diver-
sity distinguishes the sites highly contaminated with AMD 
(pH = 2.3–3.1), with high abundances of acidophiles adapted 

to these conditions (genera Metallibacterium, Acidibacter, 
Leptospirillum, Acidobacterium, Thiomonas, Acidicapsa, 
Acidocella, Acidiphilium; family Acidobacteriaceae (Sub-
group 1); order “CPla-3 termite group”), and also to dis-
tinguish the transition zone (pH = 6.4) at the mouth of the 
contaminated water flow into the freshwater reservoir, where 
samples still contain some acidophiles, but have especially 
high abundances of Cyanobacteria and genus Sediminibac-
terium. In conclusion, there is a demonstrable correlation 
between the level of AMD contamination (acidity and metals 
and sulphate concentrations) and the diversity of prokaryotic 
communities and indicates that the presence of theacido-
philes identified in this study are good quantitative biomark-
ers for this type of pollution.

Fig. 3   Heat map and dendrograms showing correlations between 
physiochemical parameters and the 30 most abundant prokaryotes in 
samples collected at São Domingos mining area in winter. Colours 

indicate R values correlations between physicochemical parameters 
(columns) and bacterial taxa (rows)
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