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Abstract
Mining activities generate large quantities of wastes that significantly alter the biogeochemistry and ecological structure of 
entire river basins. Microbial communities that develop in these areas present a variety of survival and adaptation mecha-
nisms. Knowing this diversity at the molecular level is strategic both for understanding adaptive processes and for identifying 
genomes with potential use in bioremediation and bioprospecting. In this work, prokaryotic and eukaryotic communities were 
evaluated by meta-taxonomics (16S and 18S amplicons) in sediments and water bodies impacted by acid mine drainage in an 
important coal mining area in southern Brazil. Five sampling stations were defined on a gradient of impacts (pH 2.7–4.25). 
Taxon diversity was directly proportional to pH, being greater in sediments than in water. The dominant prokaryotic phyla 
in the samples were Proteobacteria, Actinobacteria, Acidobacteria, OD1, Nitrospirae, and Euryarchaeota, and among the 
eukaryotes, algae (Ochrophyta, Chlorophyta, Cryptophyceae), fungi (Basidiomycota, Ascomycota, and Cryptomycota), and 
protists (Ciliophora, Heterolobosea, Cercozoa). The prokaryotic genera Leptospirillum, Acidithiobacillus, Acidiphilium, 
Thiomonas, Thermogymnomonas, and Acidobacterium, and the eukaryotic genera Pterocystis and Poteriospumella were 
associated with more acidic conditions and higher metal concentrations, while the prokaryotic genera Sediminibacterium, 
Gallionella Geothrix, and Geobacter were more abundant in transitional environments.
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Abbreviations
AMD  Acid mine drainage
SCCB  Santa Catarina Carboniferous Basin
TOC  Total organic carbon
TN  Total nitrogen

TP  Total phosphorus
ASV  Amplicon sequence variant
CCA   Canonical correspondence analyses
SPM  Suspended particulate material

Introduction

Mining activities have impacts on large areas, altering the 
biogeochemistry and ecology of terrestrial and aquatic 
environments. One of the main recognized impacts is acid 
mine drainage (AMD), a strongly acidic effluent with high 
concentrations of metals and sulfates, capable of impact-
ing entire river basins and even coastal areas (Simate and 
Ndlovu 2014; Rambabu et al. 2020).

AMD is generated by the oxidation of sulfide minerals, 
the most common being pyrite  (FeS2). Oxidation can occur 
naturally from the exposure of minerals to oxygen, water, 
and microorganisms, but it is accelerated by mining activi-
ties that increase the exposure of these minerals (Carlier 
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et al. 2020; Wu et al. 2021). The rate of chemical oxida-
tion of ferrous iron is negligible below pH 4; therefore, the 
activity of iron-oxidizing acidophilic bacteria plays a crucial 
role in the generation of AMD (Hallberg 2010). AMD com-
position can differ drastically from one region to another 
due to local geology, microclimate, group of microorgan-
isms, and water source (Simate and Ndlovu 2014; Rambabu 
et al. 2020). Its generation can occur in active or abandoned 
mining sites, especially those that did not have deactivation 
planning (Neff et al. 2021).

A survey carried out in 2018 (Maus et al. 2020), places 
Brazil in 14th position in the world in active mining area. 
The southern state of Santa Catarina is one of the largest 
coal mining centers in the country, with more than 140 years 
of activities (Silva et al. 2011; Rangel et al. 2016). Inten-
sive mining activity has produced considerable amounts of 
waste and, consequently, a serious environmental deteriora-
tion. The hydrographic basins of the Tubarão, Urussanga 
and Araranguá rivers are part of the Santa Catarina Carbon-
iferous Basin (SCCB). This area receives AMD from 134 
open-pit mine sites covering a total area of 2964 ha, with 
115 waste deposit areas (2734 ha), 77 acid lakes (58 ha), and 
hundreds of underground mines (Silva et al. 2013). It is esti-
mated that there are more than 1000 abandoned mines in the 
SCCB (Lattuada et al. 2009). In 1980, this region was desig-
nated as a “National Critical Area for Pollution Control and 
Environmental Conservation”. In subsequent years, actions 
were taken by the General Attorney of the Republic of Brazil 
demanding that mining companies recover impacted areas 
(Silva et al. 2013).

Although SCCB has a high-alert environmental liability, 
most of the existing studies at the site are of physical–chemi-
cal characterization. The highest concentrations of metals, 
especially Fe, Al, Cu, Zn, Pb, and Mn, together with the low-
est pH values (pH = 2.4–3.8) were documented in samples 
from water bodies close to mines (Silva et al. 2011, 2013). 
A few studies address biology, related to the resistance of 
microorganisms to heavy metals (Castro-Silva et al. 2003), 
the use of fish as bioindicators (Osório et al. 2014), and the 
evaluation of microbiology used to assist the plant growth 
in the phytoremediation process (Pille da Silva et al. 2019). 
Studies describing the behavior of microbial communities 
in AMD areas in SCCB have not been carried out to date. 
To access these microbial communities, it is important to 
apply meta-taxonomic methods based on total DNA extrac-
tion from environmental samples (Brumfield et al. 2020).

The use of sequencing meta-taxonomy methods allows 
the identification and comparison of entire microbial com-
munities, including non-cultivable organisms. This tech-
nique has great relevance in the evaluation of AMD environ-
ments, which generally have characteristics so extreme that 
they make it impossible to cultivate most of the organisms 
that live there. With these methods, it is possible to carry out 

microbial ecology studies and discover how the dynamics of 
these communities respond to AMD. Several studies have 
demonstrated that geochemical gradients substantially alter 
the microbial community (Xu et al. 2020; She et al. 2021). 
This makes it possible to check species that may be indica-
tors of AMD conditions.

The main objective of this work was to characterize by 
meta-taxonomy the prokaryotic and eukaryotic (16S and 18S 
amplicons) communities in the sediments and water bodies 
of different areas impacted by AMD in the SCCB, correlat-
ing their composition with physicochemical variables, in an 
attempt to describe microbiota response patterns to different 
degrees of environmental change.

Materials and methods

Study area and sampling

The study was carried out in five different locations at 
SCCB, located in the State of Santa Catrina, Southern Brazil 
(Fig. 1). The sampling points were distributed across three 
different river basins, namely: Araranguá, Urussanga, and 
Tubarão. At the intersection of these three river basins, there 
is an area of approximately 1,625  km2 impacted by mining 
activity.

The identification of samples and a brief descriptions of 
them are summarized in Table 1. Three of them (#1, #2 
and #3) were in mine mouths with intense AMD generation 
(pH 2.7–3.6), one located at the mouth of a mine (#4) with 
less acidic characteristics (pH above 4.25), and the last one 
located at the junction of two rivers (#5) that receive AMD 
and domestic sewage from different points in the river basin.

Sediment samples from the surface layer (~ 5 cm deep) 
were collected at five points for each collection station, in a 
water depth of about 0.3 m, using a sterilized PVC (Polyvi-
nyl chloride) tube with a diameter of 40 mm. The five frac-
tions were mixed in a sterile bag and a compound fraction 
was subsequently transferred to a sterile falcon tube (50 mL 
volume). The entire process was carried out using sterile 
vinyl gloves. The samples were refrigerated to the laboratory 
in a thermal box. In the laboratory, a fraction of the sediment 
was placed in 5 mL tubes and submerged with RNA Later 
until DNA extraction, which occurred 5 days after collec-
tion. The remainder of the sediment present in the falcon 
tube was sent for analysis of metals and nutrients.

Running water samples were collected until reaching a 
volume of 5 L (5 L sterile gallons) for each station. The gal-
lons were stored in a thermal box for subsequent chemical 
and genetic meta-taxonomy analyses.

Sterilization of materials was carried out in an auto-
clave for heat-resistant materials and by bathing in sodium 
hypochlorite, followed by sterilized distilled water for 
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heat-sensitive materials. All etherized materials were pack-
aged airtight until use.

Geochemical analyses

Water and sediment samples from the five stations were col-
lected in 50 mL polyethylene tubes and stored in thermal 
boxes in the dark until arrival at the laboratory. Samples for 
determining metals in water were acidified to pH 2.0 with 
concentrated sulfuric acid. The concentrations of the main 
metal components of the regional geochemical matrix—Fe, 
Mn, Zn, Cu, Ni—(Freitas et al. 2011) were determined in 
water and sediment samples. The concentration of total 
organic carbon (TOC), total nitrogen (TN), and total phos-
phorus (TP) was also determined in the sediment samples. 

The analyses were carried out in the LAQUA analytical lab-
oratory (Chemical and Environmental Analysis Laboratory) 
belonging to the Santa Catarina Carbon Industry Charitable 
Association (SATC).

Total concentrations of Cu, Fe, Zn, Mn, and Ni in water 
and sediment were determined by inductively coupled 
plasma mass spectrometry (ICP-MS), following standard 
methodologies for sediments (U.S. EPA 1996) and for water 
(APHA 2018a).

TOC was determined on a total organic carbon ana-
lyzer following the SMWW 5310 D standard methodol-
ogy (APHA 2018b). This method provides characteristics 
of the organic content of the sample, independent of the 
oxidation state of the organic matter and does not measure 
other bound elements. For this analysis, the sample is 

Fig. 1  Location of sampling stations along the SCCB, state of Santa Catarina, Brazil
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acidified to remove inorganic carbon and oxidized with 
persulfate at temperatures of 116 to 130 °C. The resulting 
carbon dioxide is measured by non-dispersive infrared 
spectrometry.

PT determination for sediment samples was carried 
out by underwent microwave-assisted acid digestion and 
subsequent analysis by ICP-MS, in accordance with the 
EPA 3051A (U.S. EPA 2007) and SMWW 3120 B (APHA 
2018a) methodologies. NT determination in sediments 
was carried out by alkaline oxidation at 100 to 110 °C 
in digestion block, with the digestate subsequently ana-
lyzed spectrophotometrically as nitrate according to the 
SMWW 4500-N method (APHA 2018c).

DNA extraction

A composite sediment sample from each sampling sta-
tion was homogenized and subjected to DNA extraction 
using the DNeasy PowerSoil kit (Qiagen®) following the 
manufacturer’s instructions. Water samples were filtered 
through a 0.22 µm cellulose membrane (~ 3 Liter) and 
then DNA was extracted with the DNeasy PowerWater 
extraction kit (Qiagen®), following the manufacturer’s 
instructions. The concentration and quality of eluted 
DNA were determined using a spectrophotometer (Nan-
oDrop3300, Thermo Fisher Scientific, USA).

Amplicon library and sequencing

The extracted purified DNA was used for single-end library 
construction based on an Illumina protocol. The V3-V4 
regions of 16S rRNA genes were amplified by polymerase 
chain reaction (PCR) using primers 341F (5′-CCT AYG 
GGRBGCASCAG-3′) and 806R 5′-GGA CTA CNNGGG 
TAT CTAAT-3′ (Takahashi et al. 2014). The V9 regions of 
the 18S rRNA genes were amplified by PCR using primers 
Euk1391F (5′-GTA CAC ACC CGC CCGTC) and EukBR e 
(5′-TGA TCC TTC TGC AGG TTC ACC TAC ) (Amaral-Zettler 
et al. 2009). All PCR reactions were performed with Phu-
sion® High-Fidelity PCR Master Mix (New England Bio-
labs). The amplicon libraries were purified using the stand-
ard protocol for Agencourt Ampure XP Bead (Beckman 
Coulter, USA) and their DNA concentration measured using 
the Qubit™ HS DNA Assay kit (Thermo Fisher Scientific, 
USA). Sequencing libraries were prepared from the purified 
amplicon libraries using a second PCR. Each PCR reaction 
(25 μL) contained PCRBIO HiFi buffer (PCRBiosystems, 
UK), PCRBIO HiFi Polymerase (1U) (PCRBiosystems, 
UK), adaptation mix (400 nM each forward and reverse), and 
up to 10 ng of amplicon library model. Library quality was 
assessed on the Qubit@ 2.0 Fluorometer (Thermo Scientific) 
and the Agilent Bioanalyzer 2100 system. Finally, purified 
sequencing libraries were pooled at equimolar concentra-
tions and diluted to 2 nM, and samples were sequenced 

Table 1  Location and description of sampling sites SCCB and designation of sediment samples

Site ID Site name Geographic coordinates Brief description of the site

#1 Língua do Dragão 28°35′40.5849″ E
49°27′37.7780″ N

Open pit mining. The site concentrates acidic waters that leach more than 500 hec-
tares of active and passive mining areas, in addition to underground interconnected 
mines. It compromises the water quality of Araranguá River Basin. Considered the 
largest generator of mining environmental impact in the region. Língua do Dragão 
means “dragon tongue”

#2 BM0574 28°26′28.2108″ E
49°22′04.1380″ N

A series of underground coal mines that formed a lake at their outlet. The site has 
been abandoned for decades, possibly more than 50 years, a time when activities 
were semi-mechanized and even manual. No plan to close the mine and recover the 
area was carried out. It drains its waters into the Palmeiras River, a tributary of the 
Tubarão River

#3 Cabeleira 28°27′00.2999″ E
49°20′37.2965″ N

Open pit mining. There are small streams that leach these waste piles, which will also 
flow into the Tubarão River Basin. The name “cabeleira” is an allusion to the large 
amount of filamentous algae that grow in this location

#4 BM0639 28°29′14.1817″ E
49°23′00.0189″ N

Underground mining. This mine was mechanized and closed its activities in the early 
1980s, after a fatality that killed more than 30 workers underground. The AMD 
that comes out of this mine has a milky white color, due to contact with a limestone 
rock formation

#5 Junction of the Sangão 
and Mãe Luzia 
Rivers

28°49′44.0039″ E
49°26′34.1674″ N

Both rivers are contaminated by mining waste and sewage. The Mãe Luzia River 
receives a greater supply of tributaries with good quality water. The Sangão River 
is the most impacted water source in the region, due to the sum of urban pollution 
sources and AMD from extensive mining areas and tailings deposits. In this loca-
tion, water is collected for rice paddy irrigation
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(301 bp) at a MiSeq (Illumina) using a MiSeq Reagent v3 
kit (Illumina, USA) following standard guidelines for prepa-
ration and loading samples into the MiSeq. The Phix control 
library was used as a run-time control (20% spikedin) for 
monitoring run quality to overcome the low complexity issue 
that is often observed with amplicon samples.

DNA data processing

The QIIME2 package (Bolyen et al. 2019) was used to per-
form quality control, amplicon sequence variant (ASV) call-
ing, and taxonomic classification of the sequencing reads. 
The primer sequences were removed prior to calling ASVs 
(17 to 20 base pairs removed at the 5' end of the reads). 
The quality filtering and ASV calling steps were performed 
using the DADA2 denoise-paired pipeline (Callahan et al. 
2016), with the parameters maxN = 0; truncQ = 2; minO-
verlap = 10. Representative sequences resulting from ASVs 
calling were classified with Naïve Bayes classifiers imple-
mented in the q2-feature-classifier plugin, trained using 
sequences extracted from the SILVA 138 SSU database 
(Quast et al. 2013) according to the primers 16S and 18S 
used in the sequencing process, through the fit-classifier-
naive-bayes command. The result was a set of taxonomic 
tables with relative abundances for each sample. The raw 
data is available in the NCBI Sequence Read Archive (SRA) 
under accession number PRJNA1015584.

Downstream analyses

Alpha-diversity indices were estimated for all samples 
using the Python package scikit-bio 0.5.5 (http:// scikit- bio. 
org/). Subsequent downstream analyses were done using 
the Microeco R package (Liu et al. 2021), where relative 
abundances at the genus and phylum levels were calculated 

using the trans_abund class method. To highlight probable 
relationships between abiotic data and the composition of 
organisms, multivariate canonical correspondence analyses 
were carried out using the Past 3.10 software (v. nov/2015), 
where environmental (except pH) and ASV abundance data 
were normalized by logarithmic transformation. For these 
analyses, the 20 most abundant taxonomic groups classified 
at the genus level were considered.

Results

Physical–chemical and chemical variables

The samples showed considerable differences in pH values, 
concentration of metals, phosphorus, and nitrogen (Table 2). 
Stations #1, #2, #3 showed AMD typical of a pyrite-rich 
waste leachate. Water pH between 2.70 and 3.20 and iron 
concentrations are indicative of intense pyrite weathering 
in these stations. Most of the water parameters at station #4 
are also typical of AMD, although they were less acidic and 
contained lower concentrations of some metallic ions, which 
suggests the effect of contact with alkaline rocks. The waters 
that arrive at station #5 are the result of the junction of the 
Mãe Luzia and Sangão rivers, and also have a low pH (3.8); 
however, the concentration of metals is much lower when 
compared to the other collected stations, demonstrating pro-
cesses of dilution or even physical–chemical and biological 
removal.

Station #1 presented the highest concentrations of Fe in 
water and sediment, although station #3 presented higher 
concentrations of other metals (Mn, Zn, Cu, Ni) in water. In 
the sediments, the highest concentrations of Mn, Zn, and Cu 
occurred at station #2 and the highest concentration of Ni at 
station #5. The amount of iron in the sediment from station 

Table 2  Physical–chemical 
and chemical characteristics of 
water and sediment in sampling 
stations influenced by AMD 
areas of the SCCB—Brazil

a Suspended particulate material (SPM)
b Electric conductivity
c  mg/L for water samples and mg/kg for sediment samples

Station Type pH Fe Mn Zn Cu Ni TOC TN TP SPMa Cond.b

mg/L or mg/kgc mS/cm

#1 Water 3.2 511 19.35 3.21 0.01 0.34 – – – 36.80 3.79
#2 Water 3.2 160 18.69 1.64 0.02 0.32 – – – 16.40 3.39
#3 Water 2.7 160 30.48 5.45 0.17 0.90 – – – 1.20 3.28
#4 Water 4.2 75 4.28 0.32 0.01 0.06 – – – 44.80 1.13
#5 Water 3.8 7.59 1.02 0.32 0.01 0.02 – – – 9.31 0.46
#1 Sediment 3.2 268,459 25.07 42.39 0.01 0.48 34,230 1900  < 0.05 – –
#2 Sediment 3.6 1583 27.48 44.22 28.23 1.68 33,090 2400 117.90 – –
#3 Sediment 3.6 20,350 16.40 8.20 4.80 1.41 43,050 1500 38.48 – –
#4 Sediment 4.3 16,314 15.45 18.47 4.80 2.43 24,700 1300  < 0.05 – –
#5 Sediment 4.2 52,271 9.24 15.61 3.40 4.34 23,580 1500 374.31 – –

http://scikit-bio.org/
http://scikit-bio.org/
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#1 represents a fraction of 26.8% of the sample weight, 
which represents an extremely high value for a sediment.

The TOC in the sediments showed the highest content 
at station #3, followed by stations #1 and #2. In relation to 
the TN, the differences between stations were low, with a 
higher concentration in station #2, followed by station #1. 
The highest concentration of TP in the sediment was found 
at station #5, which receives the load of other effluents along 
the Mãe Luzia and Sangão rivers. Stations #1 and #4 showed 
concentrations below the analytical detection limit.

Microbiome biodiversity

A total of 525,136 and 687,620 qualified sequences were 
identified for sequencing the 16S and 18S rRNA genes, 
respectively. To make samples comparable and avoid bias 
due to differences in sequencing depth, sequences were 
leveled based on the sample with the lowest number of 
sequences (29,149 for 16S and 38,404 for 18S). The num-
ber of ASVs obtained for each sample ranged from 16 to 51 
for 16S and from 18 to 100 for 18S, in 10 samples for each 
marker gene (Supplementary Material, Table S1 and S2).

The alpha-diversity assessment using the Shannon index 
showed a greater biodiversity of prokaryotes in the samples 
collected in the sediment (Fig. 2), with higher values for 
stations #4 and #5. In relation to water, the highest alpha-
diversity of prokaryotes was found at station #5 (junction of 
rivers), while station #2 presented the lowest value. Regard-
ing the alpha-diversity of eukaryotic organisms, the greatest 
diversity occurred in sample #5 for water and in sample #4 
for sediment, and the lowest values were found in the mine 
mouth waters of stations #1, #2, and #3. Considering the bio-
diversity of both prokaryotic and eukaryotic targets in water 
and sediment, the highest values were verified for stations 

#4 and #5, which consist of a mine with a lower degree of 
contamination and river water, respectively.

Community composition

The composition of the microbial community was evaluated 
at the level of phyla and genera and the results are presented 
in Fig. 3. The complete list of ASVs is available in the sup-
plementary material (Tables S1 and S2).

The dominant prokaryotic phyla in all samples were 
Pseudomonadota, Actinomycetota, Acidobacteriota, OD1, 
Nitrospirota, Euryarchaeota, Chlorobiota, Bacteroidota, and 
Cyanobacteriota. The phylum Proteobacteria was the most 
dominant in the water samples, with an abundance greater 
than 50% in all samples, reaching 90% in the sample from 
station #2. For sediment samples, the Pseudomonadota phy-
lum was also the most abundant, but with a less expressive 
proportion (15 to 40%), when compared to water samples. 
Still for sediment samples, the phyla Acidobacteriota and 
Actinomycetota also had a prominent abundance. The dis-
tribution of taxonomic phyla in sediment samples was more 
homogeneous and balanced than in water samples. By com-
paring samples #1, #2, and #3 in the sediment, it was pos-
sible to verify similar patterns in the distribution of phyla. 
However, the water samples presented varied patterns in the 
abundance of phyla, showing a relevant difference in com-
munities between these compartments.

The genera Acidithiobacillus and Leptospirillum were the 
most abundant in samples from station #1, #2, and #3 in both 
water and sediment, but showed low abundance in sample 
#5 water. The genus Acidiphilium was relatively important 
in the water and sediment samples from station #3, and also 
in the sediment from stations #1 and #5. The genus Gal-
lionella was the most abundant in sample #4 water, and also 

#1 #2 #3 #4 #5
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Fig. 2  Microbiome alpha-diversity (Shannon index) for prokaryotic (16S) and eukaryotic (18S) organisms in water and sediment samples from 
AMD areas of the SCCB—Brazil
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occurred in sample #5 water. The genus Sediminibacterium 
was present in water and sediment samples at station #4 and 
in water sample #5. It is also worth highlighting that the 
genus Thiomonas was the second most frequent in water 
sample #1.

The distribution of taxonomic phyla of eukaryotic 
organisms showed very different patterns between sedi-
ment and water samples. For the water samples, the domi-
nant phyla were Ochrophyta, Ciliophora, Basidiomycota, 
Ascomycota and Cryptophyceae. The common fact in all 
water samples is that the phylum Ochrophyta is among the 
dominant ones in practically all samples, being in greater 
proportion in stations #1, #2 and #3. The phylum Ochro-
phyta includes the microalgae Bacillariophyceae, common 
in microphytobenthic biofilms, in rivers and even in AMD 
environments. Samples #2 and #5 water presented Cili-
ophora as the dominant phylum. For the sediment samples, 

the dominant phyla were Heterolobosea, Basidiomycota, 
Ciliophora, Ascomycota, Cryptomycota, Chlorophyta, 
Cercozoa, and Phragmoplastophyta. Sediment samples #1 
and #2 had a greater abundance of the phylum Heterolo-
bosea, while sample #5 had the phylum Cryptomycota as 
more abundant. Samples #3 and #4 had three phyla with 
the highest occurrence in each of them, with the phylum 
Basidiomycota being common for both.

Regarding eukaryotic organisms, chrysophycean alga 
genus Poteriospumella was the most abundant in sample 
#3 water, cryptophyceaen alga genus Cryptomonas in 
sample #1 water, ciliate genus Opisthonecta in sample #2 
water, and ameboid family Vampyrellidae in sample #3 
sediment. The chrysophycean genus Poterioochromonas 
was found in all water samples and in sediment samples 
#1 and #5; its greatest abundance occurred in water sam-
ple #4.

Fig. 3  Community composition of prokaryotic (16S) and eukaryotic 
(18S) organisms in water and sediment samples at sampling stations 
in the SCCB—Brazil. A Abundance frequency of the top 10 phyla 

(for 18S, data identified only at the domain level were excluded).  
B Frequency of abundance of the top 10 genera
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The multivariate canonical correspondence analyses 
(CCA) for prokaryotic organisms (16S) are presented in 
Fig. 4. It is possible to verify that the sample separation 
pattern is the same for water and sediments, but the organ-
isms and factors forcing the explainability of variance are 
distinct. The raw data from the CCAs are available in the 
supplementary material (Tables S3 and S4).

In the CCA involving water samples (Fig. 4A), where 
the first and second axes explained, respectively, 48.04% 
and 21.14% of the variance, samples #4 and #5 showed an 
association with higher pHs and higher concentration of sus-
pended material, while samples #1, #2, and #3 are character-
ized by low pH, and higher conductivity and concentrations 
of Zn, Mn, Ni, Fe, and Cu. Leptospirillum and Acidithio-
bacillus predominated in these samples, showing a clear 
association with these last variables. It is also noticeable, 
although more at the level of the second axis and, therefore, 
with less variance explainability, a clear separation of two 
groups of taxa, one associated with sample #4, characterized 
by slightly higher pHs and the other with sample #5, char-
acterized by slightly lower pHs and higher SPM. In other 
words, pH was once again the main factor determining the 
gradients, also positively influencing metal concentrations.

For sediment samples (Fig. 4B), it is observed, at the level 
of the first axis, which explained 59.61% of the variance, that 
samples #4 and #5 differ from samples #1, #2, and #3. The 
main gradient that explains this differentiation is related to 
pH, Ni, and Cu, which presented higher values in samples 
#4 and #5, and TOC, Mn, N, and Fe, with higher values 
in samples #1, #2, and #3. The pH, therefore, is positively 
related to Ni and Cu and negatively to TOC, Mn, N, and 
Fe. The taxa most associated with acidity were Deinobac-
terium, Acidobacterium, Leptospirillum, Acidithiobacillus, 
Thermogymnomonas, Mycobacterium, and Bdellovibrium. 
The taxa Candidatus solibacter, Treponema, Geothrix, Des-
ulfomonile, and C. Koribacter were more associated with 
less acidic pHs. P is associated with the second axis, which 
explained 19.83% of the variance, being less important in 
determining taxon composition and showing a certain rela-
tionship with the genera Acidocella and Paludibacter. Zn, 
despite being important in sample #2, did not prove to be an 
important variable in defining the taxonomic composition, 
given its low weight in both axes.

The multivariate canonical correspondence analyses for the 
20 most abundant eukaryotic organisms (18S) are presented 
in Fig. 5, and the raw data from these CCAs are presented in 
the Supplementary Material (Tables S5 and S6). For the water 
compartment, sample separation showed different trends than 
previous analyzes (Fig. 5A). At the level of the first axis, which 

explained 40.78% of the variance, samples #4 and #5 appear 
in opposite positions, with #5 on the positive side, associated 
with conductivity, Mn and Zn, and sample #4 on the nega-
tive, associated with higher pH. For the second axis, which 
explained 28.65% of the variance, sample #3 was positioned 
on the positive side, associated with Ni and Cu, as opposed to 
samples #1 and #2 on the negative side, associated with Fe and 
SPM. In relation to organisms, sample #4 was characterized by 
greater importance of the amoeboid Naegleria and the fungi 
Gonapodya and Neobulgaria. On the opposite side, related 
to sample #5, mainly ciliates (Epicarchesium, Vorticella, 
Choreotrichia), Magnusiophyces fungi and Spumella algae 
(Chrysophyceae), Chlorophyceae, and Klebsormidiophyceae 
appear. For the second axis, Poteriospumella (Chrysophy-
ceae), Hypotricha ciliates, and LKM11 fungi appear on the 
positive side, more associated with sample #3, while Cryp-
tomonas, other Chrysophyceae, Tetramitia amoeboids, and 
Opisthonecta ciliates appear on the negative side, associated 
with samples #1 and #2.

In CCA 18S for the sediment samples (Fig. 5B), the rela-
tionships between abiotic variables and taxa were more com-
plex, which was expected due to the great diversity of groups 
of organisms represented, including fungi, algae, ciliates, 
amoeboids, and plants. However, the separation of samples 
and abiotic variables was similar to that revealed for 16S. 
At the level of the first axis, which explained 32.25% of the 
variance, the variables that most influenced the distribution 
were Mn, TOC, and N, associated with samples #2 and #3, 
as opposed to Ni and Zn, associated with samples #2 and 
#3 and samples #4 and #5. The weight of pH in this analy-
sis was smaller and more associated with the second axis, 
which explained 28.88% of the variance, together with Cu, 
as opposed to Fe and P. Sample #1, more associated with 
the second axis, separated of the others due to their higher 
P values. In relation to organisms, the algae Poteriospumella 
and Trebouxiophyceae, together with the amoeboids Vampy-
rellidae were associated with TOC, Mn, and N and samples 
#2 and #3, as opposed to algae Klebsormidiophyceae and 
fungi from the LKM11 group and Magnusiomyces, associ-
ated with Zn, Ni, and higher pH and samples #4 and #5. At 
the level of the second axis, on the negative side, more asso-
ciated with sample #4, plants (Magnoliophyta), the fungi 
Gonapodya and Malassezia, the ciliates Nyctotheroides and 
the alveolates Gregarina appeared. On the positive side of 
the second axis, the diatom Pinnularia and Hypotricha cili-
ates stood out.

Discussion

The present study evaluated for the first time the microbial 
composition of waters and sediments from the SCCB, in 
southern Brazil, through meta-genomic analyses, relating 

Fig. 4  Canonical correspondence analyses with abiotic data (green) 
and composition of 16S prokaryotic organisms (blue) for samples 
(red) of water (A) and sediment (B) from the SCCB – Brazil
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this information with abiotic data measured in parallel. 
SCCB, like all areas affected by mining tailings, has aquatic 
ecosystems that are severely impacted, primarily by broad 
changes in pH, which exerts strong selective pressure on 
the structure of biological communities (Novis and Harding 
2007). pH, in turn, generates a series of cascading effects on 
the geochemistry of environments, providing the leaching 
and mobilization of toxic metals from the geological matrix, 
the production of high concentrations of sulfates, in addi-
tion to affecting the concentration of inorganic and organic 
nutrients and the availability of gases (Gray 1997). Although 
the impacts determined a decrease in the diversity of micro-
organisms, it was possible to detect many taxa adapted to the 
extreme conditions of the AMD, which suggests a versatile 
genomic framework.

The sampling procedure performed attempted to cover 
areas with different characteristics in relation to AMD con-
tamination, to try to highlight the main contrasts in biodiver-
sity, since this is a first meta-genomic approach in the region. 
The differences were sensitive, with pH and some metals 
being the main determinants of these differences.

Station #1, also called Língua do Dragão, is the place 
of greatest environmental concern in the region due to the 
high flow and high concentration of Fe. This area has already 
been targeted by other studies that evaluated the geological 
composition and reported the origin of Fe. In a study using 
Raman spectroscopy methodology, the highest composition 
of its sediment was given by goethite (Fe(OH)3), followed 
by jarosite  (KFe3(SO4)2 (OH)6), calcite  (CaCO3) (Silva et al. 
2011). The values found in the sediment and water were 
extremely high. For reference issues, the Brazilian national 
resolution (CONAMA Resolution no. 357/2005) for irri-
gation, animal watering and landscape harmony provides 
for a maximum of 5.0 mg/L of Fe and 0.5 mg/L of Mn, 
while the World Health Organization (WHO) determines 
that the maximum concentration allowed in drinking water 
is 0.3 mg/L of Fe and 0.2 mg/L of Mn (Herschy 2012). At 
station #1, Fe concentration exceeds the CONAMA resolu-
tion n°357/2005 by more than 100 times, and more than 38 
times for Mn concentration.

The high concentrations of metals and acids contained in 
AMD are extremely harmful to all ecosystems adjacent to 
mining areas. These residues are leached into rivers, ground-
water, and even marine environments, extending the effects 
of metal contamination (Oyetibo et al. 2021). This situation 
can be exemplified by the sample from station #5, which 
comprises the junction of two rivers that cross the cities of 
the Araranguá river basin, and still presents very low pH 
and high concentrations of metals. The concentration of Fe 

in this station is 25 times higher than that indicated by the 
WHO and 1.5 times higher than that indicated by CONAMA 
resolution no. 357/2005, considering the same uses above, 
a fact that exposes the level of environmental risk in the 
region and the need for mitigations. A fact that draws atten-
tion at this station is that the Fe concentration in the river 
sediment was one of the highest evaluated, while that in 
the water was the lowest. This may occur due to the entry 
of domestic sewage effluents along the river. Some studies 
have shown that the mixing AMD with sewage promotes a 
series of biogeochemical reactions. Fe in large quantities 
acts as a coagulant in sewage waste, causing part of the met-
als to precipitate together with solid waste, thus promoting 
an increase in pH, reduction of dissolved metals, and even a 
decrease in the biochemical oxygen demand and P concen-
tration (Strosnider et al. 2013; Hughes and Gray 2013). The 
rivers that are found a few meters upstream from station #5 
have distinct characteristics. One runs through urbanized 
areas and receives a greater supply of sewage, and the other 
has a lower contribution of sewage and remains more acidic 
due to the influence of the AMD. These processes can at 
least partially explain the higher P concentration in the sedi-
ment at station #5.

The greater alpha-diversity evidenced in almost all sedi-
ment samples compared to water samples was also verified 
in a study of prokaryotic diversity in the São Domingos 
mine, Portugal (Carlier et al. 2020). The authors’ expla-
nation, which can be extended to the present study, is that 
the physicochemical conditions are homogeneous in water, 
while microniches with different physicochemical conditions 
can be generated in the sediments, favoring greater micro-
bial diversity. Differentiated microlayers of minerals in the 
bed of water bodies and the accumulation of organics that 
precipitate can cause the establishment of stratified micro-
bial communities in the sediments close to the water–sedi-
ment interface (Carlier et al. 2020). At station #5, eukaryotic 
alpha-diversity was greater in the water than in the sediment. 
This fact can be related to the entry of domestic sewage into 
the river, conditioning the proliferation of organisms from 
different niches, especially photoautotrophic eukaryotes 
(microalgae) and heterotrophs (protozoa and fungi).

The acidity and toxicity conditions found in mining envi-
ronments induce adaptive responses from microorganisms 
(Ayangbenro et al. 2018). Due to this, the ecological diver-
sity indices found in this study are lower than those found 
in other environments such as soil, sediment or water in 
conserved sites (Walters and Martiny 2020; Rambabu et al. 
2020). Therefore, only a few specialized taxa such as those 
mentioned in this work survive in these environments.

The dominance of the phylum Pseudomonadota in AMD 
environments has been cited in other studies (Kuang et al. 
2013; Hua et al. 2014; Ettamimi et al. 2019; Villegas-Plazas 
et al. 2019; Giddings et al. 2020). Pseudomonadota generally 

Fig. 5  Canonical correspondence analyses (CCA) with abiotic data 
(green) and composition of 18S eukaryotic organisms (blue) for sam-
ples (red) of water (A) and sediment (B) from the SCCB—Brazil
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dominate in AMD due to their metabolic plasticity, which 
includes iron and sulfur oxidants that enable them to grow 
under low-pH, metal-rich conditions (Giddings et al. 2020). 
Similarly, Actinobacteria have been reported in other AMD 
environments (Kuang et al. 2013). Both Pseudomonadota 
and Actinomycetota thrive in diverse sediments and have 
developed mechanisms to inhabit metal-rich environments 
(Giddings et al. 2020). Members of the phylum Nitrospirota 
participate in the oxidation and fixation of ammonium in low 
pH and oligotrophic environments and subsequently play an 
important role in the nitrification process in the sediment of 
AMD-impacted areas (Giddings et al. 2020). As occurred 
in the environments studied, information collected from the 
bacterial communities that dominate several environments 
polluted by AMD show that Pseudomonadota, Nitrospirota, 
Acidobacteriota, Chloroflexota, and Actinomycetota are the 
dominant phyla (Kuang et al. 2013; Méndez-García et al. 
2015; Lukhele et al. 2019; Munyai et al. 2021).

The genera reported as most common in AMD environ-
ments are Acidithiobacillus (Auld et al. 2013; Wang et al. 
2019; Gómez-Villegas et al. 2022), Leptospirillum (Hua 
et al. 2014; Gómez-Villegas et al. 2022), Acidiphilium (Mun-
yai et al. 2021; Gómez-Villegas et al. 2022), Gallionella 
(He et al. 2007), Thermogymnomonas (Mesa et al. 2017), 
and Sediminibacterium (Ettamimi et al. 2019). In the com-
pilation data for this study, these genera represented 37% 
in water samples and 47% in sediment samples. Within 
the diversity of microbial communities that inhabit AMD 
water, acidophilic sulfur and/or iron-oxidizing bacteria are 
the predominant groups. The acidic nature and high concen-
tration of dissolved metals exert strong selective pressure on 
microorganisms, favoring genera that develop multiple stress 
resistance mechanisms to deal with extreme environmental 
conditions (Mathivanan et al. 2021).

Acidithiobacillus and Leptospirillum were the most 
occurring genera in all environments evaluated with pH 
below 3.8. These organisms are obligate or facultative 
chemolithoautotrophs widely found in AMD environments. 
The genus Acidithiobacillus is an important representative of 
sulfur-oxidizing bacteria. The species of this genus are strict 
autotrophic Gram-negative bacteria, they can fix both car-
bon and nitrogen from the atmosphere, using reduced sulfur 
compounds as a primary source of energy and generating the 
corresponding oxidized sulfur species (Wang et al. 2019). 
Some species of the genus are also capable of oxidizing fer-
rous iron to ferric iron or growing anaerobically, using ferric 
iron as a final electron acceptor (Wang et al. 2019). The most 
abundant species of this genus in the samples of the present 
study were A. ferriphilus and A. ferrooxidans which, in addi-
tion to sulfides and other sulfur compounds, are capable of 
oxidizing ferrous iron to ferric, being important contributors 
to the biogeochemical cycles of Fe and S (Auld et al. 2013; 
Wang et al. 2019; Gómez-Villegas et al. 2022).

The genus Leptospirillum includes different iron-oxidiz-
ing species, whose role in the acidic environment has gained 
increasing recognition (Hua et al. 2014; Gómez-Villegas 
et al. 2022). Metabolic reconstructions suggest that Lepto-
spirillum can perform carbon fixation through the novel tri-
carboxylic acid reductive cycle (Montoya et al. 2012) and 
has been found to be the main nitrogen fixer in AMD sys-
tems (Hua et al. 2014; Villegas-Plazas et al. 2019).

In the present study, the genus Acidiphilium was more 
frequent in samples with lower pH and showed a positive 
correlation with Fe and Cu. Acidiphilium is a versatile 
acidophilic genus generally found in AMD environments 
(Li et al. 2020; Munyai et al. 2021; Gómez-Villegas et al. 
2022). From a metabolic point of view, most Acidiphilium 
spp. are aerobic heterotrophs that use organic compounds to 
obtain carbon and energy, although many can obtain some 
extra energy from the mixotrophic oxidation of ferrous iron 
(Gómez-Villegas et al. 2022). Furthermore, some members 
of the genus have been described as capable of reducing 
 Fe3+ under anaerobic or microaerophilic conditions, or 
carrying out photosynthetic assimilation of  CO2 (Kisková 
et al. 2018). Hua et al. (2014) argued that the presence of 
the genus Acidiphilium facilitates the dominance of other 
species by degrading toxic organic substances.

In water samples from stations #4 and #5, which showed 
lower concentrations of metals and pH 4.25 and 3.8, respec-
tively, the genus Gallionella was highly abundant. Organ-
isms in this genus are neutrophilic and chemolithotrophic 
Fe oxidizers, which inhabit relatively nutrient-poor environ-
ments containing reduced iron (He et al. 2007). In addition, 
iron oxidation can be carried out mainly by Gallionella spp. 
in environments with little oxygen (He et al. 2007). Another 
abundant genus in the water of stations #4 and #5 and in the 
sediment of station #4 was Sediminibacterium. This genus 
was also found to be one of the most abundant in a mining 
transition area with a pH of 6.4 (Ettamimi et al. 2019; Car-
lier et al. 2020).

Sediment samples from stations #1, #2, and #3 showed 
an abundance of the genus Thermogymnomonas, an archaea 
that belongs to the phylum Euryarchaeota. The species is 
obligately aerobic and heterotrophic. In Los Rueldos, Spain, 
Thermogymnomonas spp. were abundant in all samples with 
chemical characteristics compatible with their niche as an 
obligate heterotrophic aerobe (Mesa et al. 2017).

As highlighted above, the prokaryotic communities of 
stations #1, #2, and #3 were similar to those of other AMD 
environments with severe characteristics, where low bio-
diversity prevails. Furthermore, at these stations, there is 
a community with taxonomic groups specialized in carry-
ing out the biogeochemical recycling of Fe, S, N, C, and 
O. Stations #4 and #5 presented characteristics of greater 
biodiversity and some taxonomic groups normally found in 
environments with less acidity impact.
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The results for the eukaryotic community also indicated 
a relatively low diversity, as seen for archaea and bacteria, 
a fact similar to that found in biofilms in Richmond Mine 
at Iron Mountain, USA (Baker et al. 2009). The association 
of the Eukarya domain with AMD has been reported to a 
lesser extent when compared with Bacteria (Oyetibo et al. 
2021). Microalgae from the phylum Ochrophyta, such as 
the benthic diatom Pinnularia (Aguilera 2013), have been 
previously reported in the waters of Tinto River, Spain, and 
the Chrysophyceae from the genus Poteriospumella (Gómez-
Villegas et al. 2022) were found in phosphogypsum stacks 
near Tinto River. Species belonging to these genera, espe-
cially Pinnularia, are quite widespread in environments with 
pH values around 3.0 (Aguilera 2013). Of all the environ-
mental variables that affect freshwater diatoms, pH appears 
to be the most important, and most taxa show a preference 
for a narrow pH range (Aguilera 2013). This feature was 
observed in water samples #1, #2, and #3, which showed 
high dominance of photosynthetic eukaryotes.

Fungi from the phyla Basidiomycota and Ascomycota 
were also found at the Richmond Mine at Iron Mountain, 
USA (Baker et al. 2009). The LKM11 clade of environmen-
tal fungi belongs to a group located close to the phyloge-
netic root of the kingdom Fungi, Rozellomycota (Lara et al. 
2010). Phylogeny reconstruction indicated that the LKM11 
group shared high similarity with Paramicrosporidium fungi, 
which are endonuclear parasites of free-living amoebae 
(Mesa et al. 2017).

Gómez-Villegas et al. (2022) described the existence 
of ciliates (phylum Ciliophora), amoebas and other protist 
predators in phosphogypsum stacks near Tinto River. Pro-
tists from the phylum Heterolobosea were also found in the 
Richmond Mine at Iron Mountain, USA (Baker et al. 2009). 
The genus identified in this phylum with the greatest abun-
dance was Naegleria. This eukaryote is reported to be an 
organism adapted to life in the harsh environment of AMD 
(Baker et al. 2009).

It is interesting to note the prevalence of photosynthetic 
organisms, fungi, ciliates, and protists in the samples. The 
vast majority of photosynthetic organisms were found in 
water, as expected, since they need light to carry out pho-
tosynthesis. While the greatest amount of fungi and het-
erotrophic protists were found in sediment, where they 
have a greater amount of organic matter and nutrients and, 
normally, lower irradiance. Photosynthetic eukaryotes play 
a fundamental role in the formation of atmospheric oxy-
gen, which could favor the aerobic oxidation of Fe and S 
(González-Toril et al. 2011). Fungi, largely represented by 
Ascomycota and Basidiomycota, are mainly found in low-
pH subsurface biofilms that thrive in AMD participating in 
C cycling as the main decomposers of the microbial com-
munity Bacteria (Oyetibo et al. 2021). Amoebas act as herbi-
vores in the AMD ecosystem (Volant et al. 2016; Mesa et al. 

2017). Ciliates can impact the abundance of bacteria and 
archaea and, therefore, community composition and function 
(Mesa et al. 2017).

Despite the small number of samples evaluated, the 
canonical correspondence analyses carried out clearly 
and with good explainability of variance showed the main 
relationships between the taxonomic composition of main 
organisms and environmental variables, whether in different 
compartments (water and sediment) or in prokaryotic (16S) 
and eukaryotes (18S) groups.

It was possible to verify that the majority of the most 
abundant prokaryotic and eukaryotic organisms were asso-
ciated with the environmental water of sample #5, which 
refers to the river with the least contamination by heavy 
metals and which visibly has a greater sewage load. This is 
an expected fact, since it is the least hostile environmental 
condition among those evaluated and, therefore, less toxic 
for the survival of organisms.

Prokaryotic diversity was quite different among sites with 
different levels of contamination, highlighting the prevalence 
of some groups of organisms that can serve as bioindicators 
of conditions in mining environments. The genera Lepto-
spirillum, Acidithiobacillus, Acidiphilium, Thiomonas, Ther-
mogymnomonas, and Acidobacterium are the most promi-
nent taxonomic groups in impacted environments, correlated 
with lower pH and higher Fe concentration. Some of these 
groups have already been associated with a greater AMD 
contamination such as the genera Acidiphilium, Acidibacter, 
Acidobacterium, and Acidocella found in low pH environ-
ments (pH < 3) in the São Domingos mining area, in south-
ern Portugal (Ettamimi et al. 2019; Carlier et al. 2020). The 
genera Acidocella, Sediminibacterium, Geothrix, Geobacter, 
and Gallionella were correlated with milder environments, 
characterized as transitioning from AMD pollution. The 
Sediminibacterium and Gallionella groups, as already men-
tioned, are characteristic of transition areas (He et al. 2007; 
Ettamimi et al. 2019); Geothrix and Geobacter are anaerobic 
sulfate-reducing bacteria found in environments with weak 
acidic conditions in coal mining (Chen et al. 2021).

Among the eukaryotic organisms found in water, Pote-
riospumella (Chrysophyceae), Hypotricha ciliates, and 
LKM11 fungi were associated with conditions of greater 
contamination (lower pH and higher concentration of Cu, 
Ni, Zn and Mn) of AMD. The Hypotrichia subclass belongs 
to the ciliate group, and has previously been associated with 
acidic mining lake environments (Weisse et al. 2013). In 
the sediment, again the Poteriospumella algae together with 
the Trebouxiophyceae algae and the Vampyrellidae amoe-
boids were associated with conditions of greater impact. The 
correlation of prokaryotic organisms in environments with 
greater AMD contamination is well established, as previ-
ously reported, but for eukaryotic organisms, there are few 
studies, which shows the relevance of better understanding 
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these groups and even exploring their use for processes in 
biotechnology and bioremediation.

One of the facts that caught our attention were the groups 
related to the sediment with the highest concentration of 
copper, including Tetramitia, which is a heterotrophic pro-
tist, Gregarina, a unicellular organism from the phylum 
Apicomplexa, considered a parasite of many invertebrates, 
and Malassezia, which is a yeast. Cu is a toxic metal for 
most eukaryotes; to survive higher concentrations, it is 
necessary to develop resistance mechanisms. These mecha-
nisms are more widespread in prokaryotes. In eukaryotes, 
few strategies are found, being more common in fungi and 
yeasts (Antsotegi-Uskola et al. 2020), mainly comprising Cu 
sequestration by metallothioneins, extracellular sequestra-
tion by EPS and synthesis of chelating agents.

Like Cu, Fe concentration was related to the prevalence 
of some eukaryotic organisms in the sediment of the evalu-
ated environments. In places like station #1, which has 26% 
Fe in the sediment, organisms need resistance mechanisms 
to this metal to survive. Thus, to achieve effective homeo-
stasis, they must balance their need to efficiently eliminate 
this metal from the environment to ensure adequate supplies 
are maintained, with careful management of cellular-free 
Fe levels to protect against toxicity (Touati 2000; Andrews 
et al. 2003).

The results of the present study proved to be very impor-
tant for understanding the prokaryotic and eukaryotic popu-
lations existing in coal mining environments in SCCB. It 
is interesting to see that mining environments for the same 
ore (coal) in a very close geographical location, sharing the 
same climate, presented different abiotic, biodiversity, and 
population characteristics. An important additional step to 
this initial study would be to evaluate functional metagenom-
ics, to better understand the adaptive mechanisms and their 
biotechnological potentials under these extreme conditions.

Concluding remarks

As a first meta-taxonomic study of prokaryotes and eukary-
otes from sediment and water in the SCCB mining area, 
this work contributed to better understanding the impact of 
AMD on these ecosystems. It revealed that differences in 
community composition can distinguish sites highly con-
taminated with AMD (pH 2.7–3.6) from sites with inter-
mediate levels of contamination (pH 3.8–4.25), indicating 
possible bioindicators. For the SCCB region, the prokary-
otic genera Leptospirillum, Acidithiobacillus, Acidiphilium, 
Thiomonas, Thermogymnomonas, and Acidobacterium were 
found as bioindicators of areas highly impacted by AMD 
(low pH and high concentration of metals); and eukaryotes 
the alga Poteriospumella (Chrysophyceae), Hypotricha cili-
ates, and LKM11 fungi. For transitional environments, with 

weak conditions of acidity and metals, the genera that have a 
vocation as bioindicators are Sediminibacterium, Gallionella 
Geothrix, and Geobacter.

The sediment compartment presented a higher concentra-
tion of metals than water, which can be explained by sequen-
tial dissolution processes, with subsequent sedimentation 
and concentration. The variation in pH was the factor with 
the greatest influence on the composition of the prokaryotic 
community, while for the eukaryotic community, the con-
centration of nutrients (TOC and N) and metals (Ni, Cu, Mn, 
and Zn) was more influential in explaining the community 
composition.

The Pseudomonadota phylum, which houses several 
sulfur-oxidizing bacteria, was the most abundant in all sam-
ples, being a striking characteristic in these AMD environ-
ments. Eukaryotic organisms presented a great diversity of 
photosynthetic phyla (Ochrophyta, Chlorophyta, and Cryp-
tophyta), fungi (Basidiomycota, Ascomycota, and Crypto-
mycota), ciliates (Ciliophora), and protists (Heterolobosea, 
Cercozoa).
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