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Abstract

The research and education mine “Reiche Zeche” in Freiberg (Saxony, Germany) represents one of the most famous mining
facilities reminiscent to the century-long history of silver production in the Ore Mountains. The mine was set up at the end
of the fourteenth century and became part of the “Bergakademie Freiberg” in 1919. Galena, pyrite, sphalerite, arsenopyrite,
and chalcopyrite are the most common minerals found in the mine. As acid mine drainage is generated from the dissolution
of sulfidic ores, the microbial habitats within the adits and galleries are characterized by low pH and high concentrations
of metal(loid)s. The community composition was investigated at locations characterized by biofilm formation and iron-rich
bottom pools. Amplicon libraries were sequenced on a MiSeq instrument. The taxonomic survey yielded an unexpected
diversity of 25 bacterial phyla including ten genera of iron-oxidizing taxa. The community composition in the snottites and
biofilms only slightly differed from the communities found in acidic bottom pools regarding the diversity of iron oxidizers,
the key players in most investigated habitats. Sequences of the Candidate Phyla Radiation as, e.g., Dojkabacteria and Eremio-
bacterota were found in almost all samples. Archaea of the classes Thermoplasmata and Nitrososphaeria were detected in
some biofilm communities.
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Introduction one of the main lodes (Hauptstollngang Stehender) of the
central mining district of Freiberg and became the principal
mine within a complex network of numerous installations

denoted as Himmelfahrt Fundgrube (Fig. 1). Through min-

The advent of silver mining in the Ore Mountains was ini-
tiated by an accidental discovery of solid silver outcrops

nearby the village Christiansdorf, the present Freiberg,
in 1168. This finding of coveted silver deposits provoked
instantly the so-called “first mining clamour” which caused
a marked migration of miners from the Harz Mountains.
Through history approx. 1100 lodes of the polymetallic
sulfide vein-type were explored and mined up to a depth
of 800 m (Seifert and Sandmann 2006). The first recorded
mention of the Reiche Zeche Mine (RZM) is dated back to
the year 1384. Over the centuries the RZM developed on
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ing for about 800 years, the district grew to one of the most
productive silver mining sites across Europe. 1919 the RZM
became an integral part of the Technical University Bergaka-
demie Freiberg. Currently five of the former 17 level drift-
ways are accessible and serve with an extension of 19 km for
teaching duties and research assignments (Mischo 2014). In
2020 in association with 21 other Saxon and Bohemian his-
toric mining sites of the Ore Mountains the Freiberg mining
district became part of the UNESCO world heritage “Erzge-
birge/Krus$nohoii Mining Region”.

First observations of the occurrence of chemolithotrophic
sulfur- and iron-oxidizing bacteria in mining sites focused
on the generation of acid mine drainage (AMD) in coal
mines with its attendant environmental problems (Colmer
and Hinkle 1947; Temple and Colmer 1951). These studies
based on the research of the pioneer microbiologists from
the nineteenth century regarding the ‘iron bacterium’ (Sil-
verman and Lundgren 1959). Most of the early studies on
microbiologically generated AMD addressed physiological
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Fig. 1 Location of the Reiche
Zeche Mine, Freiberg, Saxony
at the northern foothills of the
Eastern Ore Mountains; image:
ore mountains, physical map
by Alexrk2 (slightly modified),
CC-BY-SA 2.0 (A). Overview
of the sampling locations on
three selected levels within

the mine (below ground level),
red—285 m, blue—330 m, yel-
low 260 m (B)
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characteristics of pure cultures derived by cultivation from
active and abandoned mine sites. While the investigation
of biochemical properties of isolates represents an essen-
tial part for strain characterization, the exploration of entire
microbial communities improves the understanding of eco-
system functioning (Konopka 2009).

Each AMD system consists of a variety of microbial
niches that harbor different taxa of an acidophilic commu-
nity (Baker and Banfield 2003). The species composition of
biofilm communities is primarily influenced by geochemical
parameters and their variations prevailing on site (Goltsman
et al. 2015; Teng et al. 2017). Potential of hydrogen is one of
the most relevant factors that determine both, structure and
diversity of indigenous communities and relative abundance
of dominant taxa within (Kuang et al. 2013; Liu et al. 2014).
But also parameters like total nitrogen and iron concentra-
tion strongly affect the structure of AMD-influenced com-
munities (Sun et al. 2020). Members of the genera Acidith-
iobacillus and Leptospirillum are most commonly found to
act as key players in mine-impacted environments at low pH
and moderate temperature whether in populations of AMD
streams or in biofilm communities (Colmer et al. 1950;
Ziegler et al. 2013a). But also, growth and thriving of low
abundant species seems to play a crucial role in functional
stability of such communities.

Cultivation-independent approaches, like the use of
molecular probes and the screening of 16S rRNA clone
libraries enable an understanding of key players and domi-
nant taxa within the communities (Edwards et al. 1999; Bond
et al. 2000; Bond and Banfield 2001; Tyson et al. 2004).
A deeper insight into composition and activity of mine-
impacted microbial communities, including rare and under-
represented taxa, greatly benefited from the development of
next-generation sequencing systems applied in metagenom-
ics and transcriptomics projects (Amaral-Zettler et al. 2011;
Goltsman et al. 2015; Huang et al. 2016). The application
of next-generation sequence technologies (NGS) resulted in
a great number of metagenomics studies on mine-impacted
habitats comprising taxonomic and phylogenetic but also
functional topics (Lukhele et al. 2020). Modern sequencing
technologies provide access to the rare biosphere and allow
to reveal the huge diversity of microbial dark matter, more
precisely described as “Candidate Phyla Radiation” (CPR),
(Cardenas et al. 2016; Solden et al. 2016; Hug et al 2016).

To gain a better understanding of the microbial composi-
tion with main emphasis on rare members in mine-impacted
environments, NGS techniques, enabling a high taxonomic
resolution, were combined with appropriate ecological anal-
ysis. The study presents the first survey on microbial com-
munities occurring in mine-impacted habitats of the RZM,
including the identification of dominant taxa with potential
for application in bioleaching of ore from the area (Gelhaar
et al. 2015; Schlueter and Mischo 2018).

Materials and methods
Site description

The RZM is situated at the northern foothills of the East-
ern Ore Mountains (Fig. 1a). The pithead is located at an
elevation of 429 m a.s.l. The deepest currently accessible
level is the drainage adit Rothschonberger Stolln. It is
located at an altitude of ca. 200 a.s.l. regarding the geo-
graphical coordinates of the large compound mine “Him-
melfahrt Fundgrube”. The ore body mainly consisted of
galena, sphalerite, pyrite, chalcopyrite and native silver
(Zanker et al. 2002). With 800 years history of ore pro-
duction the mining operations were ceased in 1969.

Sampling

Liquid samples were taken from five different locations at
285 m belowground on June 23, 2020. All sampling loca-
tions belonged to the tunnel system Wilhelm Stehender
Sued, Wilhelm Stehender Nord and Schwarzer Hirsch Ste-
hender. Samples S1, S2 and S3 were taken from slowly
flowing AMD; samples PHI and Pooll were collected
from stagnant AMD (Fig. 1b, red line). Samples were
collected into sterile 50 mL Falcon tubes and processed
the same day.

Snottite and biofilm samples were collected from six
different locations on three underground levels in the
mine on November 12, 2020. Samples were taken within
the following tunnels: Goldener Frieden Flacher, 260 m
belowground; Wilhelm Stehender Sued, Wilhelm Ste-
hender Nord and Schwarzer Hirsch Stehender, 285 m
belowground; and Hauptstollngang Stehender, 330 m
belowground (Fig. 2). Samples were denoted BFRZ1 to
BFRZ6. Fissure water seeping through biofilm structures
was collected into sterile 50 mL Falcon tubes for chemical
analysis. A total of 20 subsamples were taken from the
six selected snottite and biofilm locations. Geographic
coordinates for the sampling points are given in Tablel.
Samples were scraped off from bedrock of sidewalls with
sterile spatulas and transferred into sterile 50 mL Falcon
tubes; snottites hanging from gallery roofs were cut by
sterile scissors. Collected biomass was frozen at — 20 °C
until DNA extraction.

Geochemical analyses

Oxidation reduction potential (ORP), and pH were meas-
ured in situ. Temperature and pH were measured using
the WTW Sentix 21 pH meter; redox potential vs. Ag/
AgCl electrode were determined using the WTW Sentix
ORP. Concentrations of minor and major elements were
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Fig.2 Mat- and snottite-like
biofilm formations at sampling
location BFRZ1 (A), BFRZ2
(B) and BFRZ3 (C). AMD
pools of sampling location S1
D)

Table 1 Geographic position of

Lo Sampling location Geographical location Altitude Designation Sampling date

sampling sites
(nos. of subsamples) Easting Northing m.a.s.l
BFRZ1 (2) 13.351°E 50.929°N 2853 Wilhelm Sthd. Nord 12.11.2020
BFRZ2 (4) 13.350°E  50.923°N  260.5 Goldener Frieden Fl 12.11.2020
BFRZ3 (5) 13.351°E 50.922°N 3324 Hauptstollngang Sthd 12.11.2020
BFRZ4 (4) 13.352°E 50.924°N  331.6 Hauptstollngang Sthd 12.11.2020
BFRZ5 (3) 13.351°E 50.922°N 3324 Hauptstollngang Sthd 12.11.2020
BFRZ6 (2) 13.355°E 50.927°N  330.3 Hauptstollngang Sthd 12.11.2020
PHI (1) 13.349°E 50.922°N  286.1 Wilhelm Sthd. Sued 23.06.2020
Pooll (1) 13.358°E 50.932°N 284.1 Schwarzer Hirsch 23.06.2020
S1(1) 13.351°E 50.928°N  285.1 Wilhelm Sthd. Nord 23.06.2020
S2(1) 13.349°E 50.922°N  286.1 Wilhelm Sthd. Sued 23.06.2020
S3 (1) 13.349°E 50.922°N  286.1 Wilhelm Sthd. Sued 23.06.2020

determined by ICP-MS (XSeries 2, Thermo Scientifc) for =~ DNA extraction

each AMD and fissure water sample. Calibration solu-
tions (0.01-100 pg 17!) were used by adequate dilution of
a multi-element stock standard solution (Merck); 10 pg/L
rhodium and rhenium served as internal standard following
the measuring procedure of Wiche and Heilmeier (2016).
The concentration of ferrous iron in AMD and fissure
water samples was determined following the Ferrozine
method (Braunschweig et al. 2012).
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Biomass from 50 mL of each AMD-pool sample was col-
lected by centrifugation for 30 min at 12000 xXg and 4 °C.
Total DNA was extracted from snottite, biofilm, and AMD
samples using the Power Soil DNA Isolation Kit (MoBio
Laboratories, Carlsbad, USA) following the manufac-
turer’s instructions. Quality and quantity of purified DNA
was determined spectrophotometrically (NanoDrop 1000
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Spectrophotometer, Thermo Scientific, Waltham, MA,
USA). Additionally, DNA quality was checked by electro-
phoresis on a 0.8% agarose gel. DNA was stored in sterile
water at — 20 °C prior to analysis.

16S rRNA library preparation and sequencing

The 16S rRNA universal primers 341F (5'-CCTACG
GGNGGCWGCAG-3") and 805R (5'-GGACTACHVGGG
TATCTAATCC-3') were extended by the specific Illumina
adapter overhang sequence, and used for the amplification
of the highly variable V3/V4 region in prokaryotic genomes
(Hugerth et al. 2014; Takahashi et al. 2014). The V3/V4
region is considered as one of the most informative regions
for NGS-based metagenomic studies. Use of the selected
primers is recommended for 16S metabarcoding studies
since they target the domains bacteria and archaea on a
broad scale (Klindworth et al. 2013). Sequencing libraries
were labeled with multiplex indexing barcodes using the
Nextera XT Index Kit (Illumina, San Diego, USA) follow-
ing manufacturer’s recommendations. The PCR reaction
was carried out in a 25 pL reaction volume with 12.5 pL.2
x KAPA HiFi HotStart ReadyMix (KAPA Biosystems,
Wilmington, MA, USA), 0.2 uM final concentration of
each primer, and 12.5 ng template DNA. Thermal cycling
consisted of denaturation at 95 °C for 3 min, followed by
25 cycles of 95 °C for 30 s, 55 °C for 30 s, and 72 °C for
30 s, and finally 72 °C for 5 min. Quantity and quality of the
libraries were assessed applying the Qubit™ 1X dsDNA HS
Assay Kit (Thermo Fisher Scientific). The libraries were
sequenced on a MiSeq platform utilizing the v3 reagent kits
(Illumina, San Diego, USA).

Sequence processing and analyses

Sequence reads were subjected to quality control by FastQC
prior processing (Wingett and Andrews 2018). Sequences
were processed by Mothur (v.1.37.4) following the related
standard operating procedure (Schloss et al. 2009). Mini-
mum sequence lengths were set to 400 bp; the minimum
overlap length for the contig assembly was set to 50 bp.
A maximum of seven homopolymers was allowed. Chi-
meric sequences were identified and subsequently removed
using the VSEARCH algorithm within Mothur. Sequences
were aligned to the SILVA alignment database (SILVA
SSU v.132) for clustering and creating the distance matrix
(Pruesse et al. 2007; Quast et al. 2013). Pairwise dis-
tances with a cutoff value of 0.03 were calculated using the
Needleman-Wunsch alignment algorithm (Needleman and
Wunsch 1970). Classification of sequences and operational
taxonomic units (OTUs) was done with SILVA alignment
database likewise. The sequencing error rate was calculated
by including the staggered, low concentrated HM-783D

microbial mock community serving as standard (BEI-
Resources, Manassas, U.S.A.).

Statistical analyses

Alpha diversity measures were calculated within Mothur.
Calculations based on the absolute number of sequences per
OTU; the alpha diversity measurements included the total
number of observed OTUs, the estimated number of OTUs
that could be detected if every individual OTU was detected
(ACE richness estimator). The Shannon’s diversity index H’
was calculated as qualitative measurement of equivalents to
species numbers in the corresponding habitat. The inverse
Simpson’s index was included as it puts less emphasis on
the rare OTUs and may give a clearer illustration of diver-
sity for the investigated communities compared to the Shan-
non—Wiener diversity index. The Evenness index describes
the pattern of relative species abundances in a community.
The Shannon evenness is a diversity index, which in con-
trast to Simpson evenness provides information on the spe-
cies equitability unaffected from species of high dominance
in the community. Hence it seems useful to calculate both
evenness indices. The Berger—Parker index was calculated
as robust measure for the dominance of the most common
OTU in each community. The (dis)similarity of communities
was calculated by ThetaYC sample metrics based on a 0.03
OTU distance cutoff. Hierarchical clustering was visualized
as heatmap and dendrogram.

Results
Geochemical analysis

The temperature at all sampling locations was constant at
12 °C. The pH varied between 1.6 (Pooll) and 2.6 (S1) for
the AMD samples and 1.9 (BFRZ1) and 2.6 (BFRZ6) for the
biofilm (including snottite) samples, respectively. The ORP
measured at the AMD sampling locations (vs. Ag/AgCl)
varied from 493 mV (S3) to 645 mV (Pooll). AMD sample
S3 and fissure water of BFRZ1 contained the highest con-
centration of iron whereas AMD sample Pooll exhibited
the highest concentration of Mn, Ni, Zn, Cd, and Pb. The
biofilm sample BFRZ1 exhibited elevated concentrations
especially for the (heavy) metal cations: Al, Cr, Mn, Co, Ni,
Cu, and Zn. Overall, AMD sample S1 contained the low-
est concentrations of all measured elements. The elemental
composition of fissure waters from BFRZ samples displays
strong heterogeneity. Physicochemical parameters and a
summary of the elemental analysis from AMD and fissure
water samples are given in Table 2.
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Summary sequencing data

Sequencing the V3/V4 amplicon libraries on a MiSeq plat-
form yielded a total of 2,646,937 reads for the 25 datasets.
Therefrom a number of 1,306,610 contigs with read lengths
between 427 and 453 bp could be generated. 6013 chimeric
sequences were found and eliminated. After clustering,
removal of singletons and elimination of chimera, 4758
unique sequences (comprising 1,211,112 sequences in total)
were retrieved and used for classification on genus level. A
total of 21,463 OTUs were generated after clustering at a
97% similarity level (approximation to species resolution).
The number of OTUs per sample ranged from 34 (BFRZ2d)
to 832 (Pooll). The rarefaction curves in Fig. 3 approach an
asymptote for all 25 samples, suggesting that the microbial
phylotypes present in each sample were identified almost
completely. This was confirmed by the high Good’s cover-
age, reaching almost 100%, for all samples (Tab. 3). These
results provide an estimate of sampling completeness. The
error rate of 0.021% was calculated on the basis of the
sequenced mock community and corresponded well with
test results (Sze and Schloss 2019).

Alpha and beta diversity in AMD, snottite,
and biofilm samples

A total number of 312,742 sequence reads were received
for the AMD samples after sequence trimming and process-
ing. The sequence number per sample varied from 54,376
in sample S3 to 67,470 in sample Pooll (Tab.3). The mean
number of OTUs and ACE estimated number of OTUs dif-
fered widely between the samples, with the lowest numbers
of 83 OTUs and 87 ACE estimated OTUs observed for S3
and the highest numbers of 832 OTUs and 840 ACE esti-
mated OTUs detected in Pooll. Shannon’s diversity index H'
was lowest, H'=1.42, in S3 and highest, H'=3.87 in Pooll.
A saturated sampling depth is reflected by Good's coverage
of at least 99.9% for all samples.

The number of sequence reads detected in the biofilm
(including snottite) samples varied from 12,425 sequences
in BFRZ4c to 67,494 in BFRZ5a, with a total number of
898,370 sequences for all 20 samples (Table 3). The mean
number of OTUs and ACE estimated number of OTUs was
94 and 96, respectively, with the lowest numbers of 34 OTUs
for both, Sobs and ACE in sample BFRZ2d. The highest
numbers of 247 OTUs (Sobs) and 248 ACE estimated OTUs
were detected in sample BFRZ6b. Shannon’s diversity index
H' was lowest, H'=1.00, in BFRZ2c and highest, H' =3.28,
in BFRZ6b. Good's coverage values indicated that not less
than 99,9% of the total species richness was accounted for
each sample.
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Table 2 Hydrochemical parameters of six biofilm and five AMD-pool locations

BFRZ5 BFRZ6 PH1 Pooll S1 S2 S3

BFRZ4

BFRZ3

BFRZ2

BFRZ1

Physicochemistry

2.1

2.5

2.6

1.6

24

2.6

23

2.5

2.0

2.1

1.9

pH

12 °C
591

Temperature

E, (mV)
Major elements (g/L)

493

470

566

645

536

465

480

487

506

520

8.8 21.2

1.0

2.0

0.3 0.5 0.4 32

0.5

1.1

1.6

S (DTS)

21.6 (0.59)

11.3

3.6 (0.11)

39

0.2 (0.01)

0.2

17.3 (LDL)

8.5

9.7 (LDL)

19.1

0.1 (0.1 *107)

0.1

0.3 (1.9 *107)

0.2

0.1 (0.6 * 107%)

0.1

102(023) 1.2(1.0) 03 (3.9 *1079)
0.3 0.3

4.7

Fe o / (Fe*)

Zn
Minor elements (mg/L)

239

9.3

0.3

5.6

324

0.6

0.2

0.2

0.1 0.3

5.4

352.7
74.7

94.9

39
1.5

0.2

315.1
75.5
0.2

323.6
119.8
293.3

1.3
0.4

04

374.3 1.6 3.6

35
0.8

Cu

26.1

1.3
1.7

0.8

1.9
1.5

2.4
1.9

Cd

246.1

14.8

1.8
0.05

Pb

1696
6297

1068

321

68
0.4

722

211

8604
3700

0.06

0.04

0.05
21

0.06
85

0.95
325

Mn

As

Sulfur determined as DTS (dissolved total sulfur)
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Fig.3 Rarefaction analysis

for observed OTUs at 97%
sequence similarity (approxima-
tion to species level) for the five
AMD-pool and six representa-
tive biofilm samples

Numer of OTUs observed
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Table 3 Alpha diversity metrics for the prokaryotic community of the investigated habitats at Reiche Zeche Mine
Nos. sequences  Good's Sops (OTU  ACE rich- Shannon index ~ Simpson Shannon  Simpson  Berger-
coverage richness) ness estima- (Inv) index evenness evenness Parker
(%) tor index

AMD-pool

communities
PH1 59,966 99.9 499 506 2.27 3.19 0.36 0.01 0.53
S1 63,133 99.9 284 289 3.42 17.61 0.61 0.06 0.12
S2 67,792 99.9 96 98 1.52 2.89 0.33 0.03 0.53
S3 54,376 99.9 83 87 1.42 2.62 0.32 0.03 0.58
Pooll 67,436 99.9 832 840 3.87 11.37 0.58 0.01 0.22

Biofilm

communities
BFRZla 28,568 99.9 56 57 1.48 2.51 0.37 0.05 0.59
BFRZ1b 24,664 99.9 68 68 1.53 2.47 0.36 0.04 0.61
BFRZ2a 36,134 100 64 64 2.56 8.40 0.62 0.13 0.24
BFRZ2b 36,039 99.9 41 41 1.29 2.27 0.35 0.06 0.63
BFRZ2c 45,820 99.9 36 37 1.00 1.85 0.28 0.05 0.72
BFRZ2d 30,775 100 34 34 1.56 3.18 0.44 0.09 0.51
BFRZ3a 36,913 99.9 97 97 2.87 8.51 0.63 0.09 0.29
BFRZ3b 31,680 99.9 116 118 2.85 8.79 0.60 0.08 0.26
BFRZ3c 56,056 99.9 107 112 2.01 4.99 0.43 0.05 0.33
BFRZ3d 58,766 99.9 74 77 1.50 2.94 0.35 0.04 0.47
BFRZ3e 65,954 99.9 74 76 2.16 5.86 0.51 0.08 0.28
BFRZ4a 32,808 100 108 111 3.02 12.04 0.65 0.12 0.18
BFRZ4b 56,520 100 93 97 2.04 4.56 0.47 0.06 0.38
BFRZ4c 12,425 99.9 63 64 2.11 4.77 0.51 0.08 0.37
BFRZ4d 48,537 99.9 111 111 2.75 9.07 0.60 0.09 0.22
BFRZ5a 67,494 99.9 86 87 2.00 4.51 0.45 0.05 0.37
BFRZ5b 53,648 99.9 109 109 2.94 10.86 0.63 0.10 0.20
BFRZ5c¢ 63,039 99.9 108 108 3.03 13.79 0.65 0.13 0.14
BFRZ6a 54,090 99.9 197 197 2.50 4.07 0.47 0.02 0.48
BFRZ6b 58,440 99.9 247 248 3.28 11.47 0.60 0.05 0.24

Calculations based on OTUs at 3% cutoff level (approximation to species level)
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The relationships between all communities were analyzed
based on Yue and Clayton theta distances; the similarities
based on the OTU composition. To facilitate the analysis,
a heatmap and a clustering dendrogram were constructed.
The biofilm (including snottite) communities were generally
distinct from AMD-pool communities (with the exception
of subsample S1) according to the analysis of the clustering
dendrogram (Fig. 4B). The community compositions of both
habitat types show only little difference in the diversity of
the ferrous iron-oxidizing subpopulations (Figs. 5 and 6).
Based on the OTUs at a cutoff of 0.10, the similarities of
communities ranged from 0.1% (samples from different loca-
tions as, e.g., BFRZ4c in relation to S3) to 98% (subsamples
from the same location, e.g., BFRZ1) (heatmap see Fig. 4A).

Archaeal signatures

16S rRNA gene sequences from archaea were obtained from
three of the 20 biofilm samples, i.e., BFRZ1a, BFRZ1b
and BFRZ6b. The relative abundance of sequences for the
genus Cuniculiplasma was highest in BFRZ1a with 5.4%.
The uncultured Thermoplasmatales, denoted ‘E-plasma’,
were present in samples BFRZ1a and BFRZ1D at a relative
abundance below 0.5%. Sequences of acidophilic, ammo-
nia-oxidizing Candidatus Nitrosotaleaceae were detected
only in sample BFRZ6b likewise with a relative abundance
below 0.5%. For the five investigated AMD communities no
archaeal sequences were retrieved.

Bacterial signatures

In total, 60 bacterial genera from 25 phyla with a relative
abundance of at least 0.5% of the sequence reads were
detected in the samples. Autotrophic iron-oxidizing bacteria
constituted the group of core genera by covering ten genera,
contributing with 8-93% (BFRZ4c, S2) of the total number
of sequence reads in all samples. The proportion of FeOB
within the bacterial communities of the biofilm samples was
in average lower than in the AMD samples. Sequences of
the genus Leptospirillum were ascertained in all 25 sam-
ples; relative sequence abundance ranged from 3 to 52%.
Acidithiobacillus could be detected in all samples except
sample BFRZ5a; the relative abundance varied from below
0.5% (minor phyla) to 58% (Fig. 5). The taxon Ferrovum
was present in 21 samples and reached relative abundances
of up to 72% (BFRZ2c).

Sequences of heterotrophic FeOB occurred in most of
the samples. Within the phylum Actinobacteria sequences
of iron-oxidizing Acidimicrobiia (including the genera Aci-
dithrix and Ferrimicrobium) were present in all samples
except BFRZ2c and AMD samples S2 and S3. The relative
abundances varied between 0.2 (BFRZ3d) and 13.4% (S1)
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of the sequences. The genus Acidibacillus reached relative
abundances of up to 13.3% as in sample S2.

The relative abundance of iron-reducing bacteria (FeRB)
was not remarkably lower than that of the FeOB in most of
the samples. Sequences of FeRB were found in all three sam-
ple types, biofilm, snottite and AMD. Iron-reducing Acidi-
bacter was present at relative abundances of 0.5 (BFRZ2b)
to 13.3% (S2) in twelve of the 25 samples. Members of the
family Acidobacteriaceae, including the genera Acidicapsa
(S1) and Acidipila (BFRZ5b) were present in eleven samples
at a relative abundance of 0.5 (BFRZ5a) to 22.0% (BFRZ4d).
Sequences belonging to the genus Clostridia were detected
in four samples contributing to the communities at relative
abundances of 0.5 (BFRZ5b) to 3.4% (BFRZ3a). Sequences
of Acidiphilium species were widely common in biofilm
and AMD samples, relative abundances in eleven samples
ranged from 0.5 (BFRZ3e) to 15.2% (BFRZ2a) (Fig. 6).
Numerous sequences of the family Acetobacteraceae could
not be affiliated on genus level but were prominent in most
of the samples displaying relative abundances from 0.5%
(BFRZ2a) to 7.5% (BFRZ4a). Sequences of Metallibacte-
rium were detected at relative abundances of 0.1 (BFRZ2c)
to 47.9% (BFRZ6a) in all samples except AMD samples
S1, S2 and S3.

Bacteria of the yet uncultured CPR were present with
at least one taxon in all samples at relative abundances of
between 0.1% (candidate phylum Dormibacteraeota, in
BFRZ2c¢) and 14.1% (Candidatus phylum Eremiobacterota
in BFRZ4d) except in sample BFRZ2d. The Candidatus
phylum Dependentiae (formerly TM6) and the candidate
superphylum Patescibacteria occurred in all AMD samples
and in the snottite samples of BFRZ3 to BFRZ6. Sequences
of Candidatus phylum Dojkabacteria (formerly WS6) were
found in all AMD-pool samples with a relative abundance of
up to 1.5%; the phylum was also detected in biofilm sample
BFRZ1b. Sequences of candidate phylum Latescibacteria
(formerly WS3) occurred only in AMD sample Pooll.

Discussion

The Reiche Zeche Mine, created from the merger of the
two historic mines “Vordere Reiche Zeche” and “Hintere
Reiche Zeche”, belongs to the oldest facilities of the mining
landscape in the Ore Mountains. The mine waters seeping
through rocks and spreading along tunnels are commonly
acidic and can be categorized as extreme environment at
many mine locations according the definition for an opti-
mal life of extremely acidophilic microorganisms at pH
below 3.0 (Johnson and Quatrini 2020). Generally, the mine
waters contain high amounts of iron, zinc, arsenic, many
other metal(loid)s and sulfate. Iron was found to be one of
the dominant parameters controlling metal presence in both,
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Fig.4 Beta diversity analysis to
estimate dissimilarity of bacte-
rial community compositions
among the 25 samples. A Heat-
map derived from dissimilarity
matrix of ThetaYC distance. B
UPGMA dendrogram rep-
resenting the relatedness of
prokaryotic communities from
each sampling location based
on the OTUs defined at a 0.10
distance cutoff. The relation-
ships amongst samples are
displayed based on the ThetaYC
similarity. BFRZ1a to BFRZ6b
represent every subsample from
each biofilm sampling location;
PHI and Pooll depict samples
derived from stagnant AMD, S1
to S3 from flowing AMD
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Fig.5 Taxonomic distribution
of prokaryotic communities in
AMD-pool habitats. The rela-
tive abundance is assigned to
the corresponding genus, based
on SILVA SSU v.132 database.
Taxa with low abundance
(<0.5%) are combined and
displayed as “Minor phyla”

Relative abundance in %
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Fig.6 Taxonomic distribution
of prokaryotic communities in
selected biofilm habitats; one
example from each location.
The rel. abund. is assigned to
the corresponding genus, based
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combined and displayed as
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stagnant and flowing drainage waters in the RZM (Zhit-
eneva, et al. 2016). However, elemental analyses of mine
drainage samples taken from several locations showed strong
distinctions in the chemical composition.

The prokaryotic communities detected in the snottite,
biofilm, and AMD samples consisted largely of aerobic
organisms, although anaerobic types capable of either fer-
mentation or anaerobic respiration on ferric iron were pre-
sent as well, although in lower abundance. There were no
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BFRZ3a

M Leptospirillum

BFRZ4c BFRZ5a BFRZ6b

indications for sulfate reduction in the potentially anaerobic
micro-niches of the snottites or biofilms. However, in four
of the five AMD-pool habitats sequences affiliated with the
Candidate Sva0485 clade (class Deltaproteobacteria) were
found to occur up to a relative abundance of 9.5% as in sam-
ple S3. Clade Sva0485 is known to be present in different
AMD ecosystems and to contain potential sulfate-reducing
bacteria (Ayala-Muifioz et al. 2020; Vuillemin et al. 2018).
The ecological role of this taxon remains still unknown due



Extremophiles (2022) 26:2

Page110f17 2

to the lack of physiological and genomic insights (Tan et al.
2019).

In most of the habitats the communities are clearly
dominated by autotrophic FeOB commonly acting as pri-
mary producers in acidic mine-impacted environments. In
numerous studies on microbial communities in such habitats,
Acidithiobacillus has been shown to operate as key taxon,
as, e.g., it accelerates habitat acidification by generation of
sulfuric acid; works as biofilm architect by releasing extra-
cellular polymeric substances (EPS) and supports growth
of heterotrophs by the release of small organic substances
(Jones et al. 2011; Karavaiko and Pivovarova 1973). In many
of the individual habitats, members of the genus Leptospiril-
lum are similarly dominant as Acidithiobacillus. They are
found in high abundance in mine-impacted biofilm com-
munities (Bond et al. 2000; Wilmes et al. 2009). The bio-
chemical basis for biofilm formation was shown through
genome analysis of the model species L. ferriphilum (Tyson
et al. 2005; Goltsman et al. 2009). Growth and thriving of
microbial communities in the commonly oligotrophic and
nitrogen deficient mine-impacted environments not only
depend on pioneer organisms capable of carbon fixation, as
a prerequisite for microbial colonization also nitrogen fixa-
tion is required (Johnson and Hallberg 2008). The nitroge-
nase gene (nifH) was detected in a number of Leptospirillum
isolates already physiologically described as diazotrophic
organisms. Consequently, it is assumed that in many AMD
habitats Acidithiobacillus ferrooxidans but also members of
Leptospirillum and Ferrovum act as key species for nitrogen
fixation (Levican et al. 2008; Goltsman et al. 2009; Johnson
et al. 2014).

In all samples pH values varied between 1.6 (Pooll)
and 2.6 (BFRZ6). This pH range is suitable for growth of a
variety of extreme acidophiles. The formation of extremely
acidic habitats in mining environments requires the presence
of sulfur-oxidizing bacteria (SOB). At some sampling loca-
tions the relative abundance of SOB other than Acidithio-
bacillus are noticeably high. Sequences of the facultative
chemolithoautotroph Thiomonas make up 16 and 20% rela-
tive abundance in samples BFRZ2b and BFRZ3e, respec-
tively. The predominant occurrence of Thiomonas in Fe-As-
rich AMD habitats was shown, e.g., for the mining effluents
of Carnoules, displaying arsenic concentrations comparable
to those of RZM (Bruneel et al. 2011). The mixotrophic Sul-
furiferula, recently reclassified from the genus Thiobacillus,
was found in two of the AMD samples as one of the minor
SOB (PH1 and Pooll). Sulfuriferula is considered as sulfur
oxidizer in moderately acidic habitats and was described as
potential key player in sulfur cycling in mine waste (Jones
et al. 2017).

The investigated mine environment is characterized by
oxic drainage waters. Chemical weathering occurs through
contact of the exposed ore-containing rock surfaces with

oxygen and water. A mineralization of predominantly
sulfidic ores like pyrite, galena, sphalerite, chalcopyrite, and
arsenopyrite was found to be characteristic for the polym-
etallic deposit (hydrothermal Pb—Zn—Ag type) of “Himmel-
fahrt Fundgrube” (Seifert and Sandmann 2006; Stockmann
et al. 2013). The release of iron and sulfate from the host
rock leads to a pH decrease of the mine water. The pres-
ence of reduced iron and oxygen in the acidic mine waters
strongly influences the composition of microbial com-
munities dwelling in these environments. In the RZM the
microbial communities consist mainly of acidophilic iron-
and sulfur-oxidizing bacteria. Almost all taxa of the FeOB
and SOB found in the 25 sampled mine locations thrive in
oxic environments and contribute to AMD formation. The
increase in acidity in conjunction with the generation of oxi-
dative ferric iron leads to a progressing rock dissolution.

An unexpected high prokaryotic diversity was found in
all three sample types, biofilm, snottite and AMD collected
from three different levels in the RZM. A Shannon index of
H > 3.0 was found for the community diversity at ten loca-
tions, reaching the highest diversity at Pooll (H" =3.9). This
is an interesting finding, since high prokaryotic diversity
seems uncommon for most AMD habitats upon these pH
conditions (Teng et al. 2017). Most commonly, lower com-
munity diversity is found at locations influenced by lower
pH (Kuang et al. 2013).

In all investigated samples the number of detected gen-
era displaying a relative abundance >0.5% varied between
4 (sample BFRZ2c) and 23 (BFRZ6b). The richness on
species level obtained using the ACE estimator showed
variations between 34 (BFRZ2d) and 838 (Pooll). Due to
the removal of singletons during sequence processing the
commonly used Chaol calculator for richness estimation
could not be applied in the alpha diversity analysis. Moreo-
ver, as rarefaction analysis already displays, an almost com-
plete detection of occurring taxa can be expected and ACE
estimation is unlikely to differ strongly from the number of
observed OTUs.

In Fig. 7 the Venn diagram depicts the number of OTUs
unique to the respective subsample or shared among multi-
ple subsamples. The OTU analysis indicated that 11 OTUs
were common to all subsamples at location BFRZ2; the
numbers of unique OTUs are lower with the exception of
subsample BFRZ2a. This ratio of unique to shared OTUs
reflects a more or less similar composition of the commu-
nities at sampling location BFRZ2. At sampling location
BFRZA4, in contrast, the unique OTUs of each subsample
(except BFRZ4c) exceed the shared OTUs. Here the com-
munities across all subsamples seem to be rather heteroge-
neously composed. In Fig. 8, the Venn diagram presents a
different picture for the microbial communities of the AMD
pools. The number of unique OTUs range from 13 (S3)
to 389 (PH1). The wide span of OTUs obtained for these

@ Springer



2 Page120of17

Extremophiles (2022) 26:2

BFRZ4d

22

Fig.7 Summary of shared and unique OTUs at 3% distance threshold for biofilm communities. Subsamples taken at locations BFRZ2, and 4

shown as representatives for all investigated biofilm locations

Fig.8 Summary of shared and unique OTUs at 3% distance threshold
for the AMD-pool habitats PH1 and S1-S3

communities impedes a direct comparison of subsamples
for diversity analysis at OTU level.

From the results of beta diversity analysis (Fig. 4A, B),
it can be revealed that distances between the communities
of different locations are as large as distances between sub-
samples from single sampling locations. Presumably, envi-
ronmental factors change on a small spatial scale, thereby
causing the development of communities with diverse taxo-
nomic composition in close vicinity. Comparable observa-
tions were described from related mine-impacted habitats
(Liang et al. 2017). Similar phenomena were observed when
the distances of biofilm and AMD-pool communities were
compared. As the cluster analysis in Fig. 4B depicts, there
are only minor dissimilarities in the microbiome structure of
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both habitat types (see for instance topology of community
BFRZ3c in the dendrogram).

Communities in mine-impacted habitats are often domi-
nated by only few taxa, such as Acidithiobacillus, Lepto-
spirillum, and Ferrovum (Baker and Banfield 2003; Hallberg
et al. 2006; Brockmann et al. 2010). This is in agreement
with the results presented in this study. The dominance
of Acidithiobacillus was mostly found in the AMD sam-
ples, whereas Leptospirillum and Ferrovum predominantly
occurred in snottites and biofilms.

The occurrence of heterotrophic, iron-reducing bacteria
like, e.g., Acidiphilium and Metallibacterium provides an
indication for the occurrence of anoxic niches and micro-
habitats inside acidophilic biofilms as it was described for
biofilms of the pyrite mine “Drei Kronen und Ehrt” (Zie-
gler et al. 2013a). The two genera were detected in almost
all of the samples from the RZM. With 48%, the relative
abundance of Metallibacterium is remarkably high in sample
BFRZ6a. Simultaneously, the pH for this location is highest
among all sampling points (pH 2.6). The species M. schef-
fleri was shown to have an alkalinizing effect on the milieu
by ammonia release under certain growth conditions (Zie-
gler et al. 2013b). Consequently, it may be possible that less
acidic micro-niches can be generated even in an environmen-
tal setting with an overall pH below 2.5, if Metallibacterium
is present in the biofilm. The provision of a favorable pH
microenvironment by Metallibacterium might be the rea-
son for the occasional occurrence of much less acidophilic
Legionella in AMD-influenced snottites and biofilms, as,
e.g., in sample BFRZ6a. The phenomenon of Legionella
being present in acidic biofilm communities has been inves-
tigated in detail for habitats from Yellowstone National Park
(Sheehan et al. 2005).
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In contrast to several other worldwide investigated mining
habitats of comparable geochemical conditions the prokary-
otic communities in the RZM contained archaeal populations
at only two locations (BFRZ1 and BFRZ6). Sequences of the
genus Cuniculiplasma were found with a relative abundance
of 5.4% at sampling location BFRZ1a. The cell-wall defi-
cient, facultative anaerobic organism is known from various
mining environments as, e.g., in south-west Spain and North
Wales and was shown to use sulfur as electron acceptor like
other members of the Thermoplasmatales (Golyshina 2016;
Segerer et al. 1988). Members of the Thermoplasmatales
are frequently located in mine-impacted communities where
they seem to be involved in the degradation of biofilm com-
ponents (Chen et al 2016). The biofilms at location BFRZ1
are fed by high sulfur concentration in the fissure water
(1.6 g/L). Since most of the sulfur in the seeping mine waters
occurs as sulfate, but sulfate reducers could not be retrieved
in the biofilm community, it seems likely, Cuniculiplasma
depends on intermediate sulfur species generated during the
oxidation of sulfide-containing ores. The obligatory use of
polypeptides as growth substrate makes a later appearance
of Cuniculiplasma during biofilm succession likely. A share
of 1.6% from the community of sample BFRZ1a was identi-
fied as Thermoplasmataceae but could not be affiliated on
genus level. Likewise, sequences belonging to the phylum
Thaumarchaota in sample BFRZ6b could not be specified
further than up to the ammonium oxidizing Candidatus
Nitrosotaleaceae (part of minor phyla). The occurrence of
this Candidatus family was shown in mine-impacted habitats
and is discussed as important group for nitrification in low
pH environments (Herbold et al. 2017; Gavrilov et al. 2019;
Miettinen et al. 2021).

Although the pH values range from 1.6 to 2.6 for all
investigated habitats, a distinct tendency towards higher
diversity in the less acidic environments as described for,
e.g., microbial communities in mine tailing impoundments
could not be observed (Korehi et al. 2014; Liu et al. 2014).

Interestingly, from the AMD location Pooll sequences
of the genus Gallionella could be retrieved with a relative
abundance of 3.2%. The pH at this site was 1.6 and thereby
not in the range to expected for the common occurrence
of Gallionella, an FeOB primarily known from circum-
neutral, microaerophilic and often ochre-rich watercourses
(Emerson and Moyer 1997). However, the distribution of
Gallionella was also reported from mine-impacted commu-
nities at pH <3 (Hallberg et al. 2006; Garcia-Moyano et al.
2015; Heinzel et al. 2009). The interplay of pH and ferrous
iron concentration has been described as suitable indica-
tor for the prediction, if genera like Gallionella (pH > 3,
Fe?* >4 mM), Acidithiobacillus (pH < 3, Fe’* <4 mM) or
Ferrovum (pH <3, Fe** >4 mM) are likely to occur in the
investigated habitats (Jones et al. 2015). However, the habi-
tats of RZM do not fit entirely this categorization.

Under oxygen-limited conditions several auto- and het-
erotrophic acidophiles like, e.g., some Acidithiobacillus
species, Metallibacterium, Acidiphilium, Acidobacterium,
and Acidibacter can utilize ferric iron as terminal electron
acceptor instead of oxygen. Interestingly, some acidophilic
bacteria are able to reduce ferric iron also in presence
of oxygen (Johnson and Bridge 2002). All of the afore-
mentioned genera occurred in varying abundance in each
of the investigated sample types. Acidiphilium, however,
was abundant only in some of the noticeably iron-rich
habitats as, e.g., in sample BFRZ2c¢ with 14.7% and PH1
with 5.2%. Members of the genus Acidiphilium seem to be
among the most frequently found heterotrophic acidophiles
in mine-impacted environments (Johnson and McGinness
1991; Johnson et al. 2001). Its occurrence was shown to
promote the growth of the widely distributed Acidithio-
bacillus ferrooxidans in several ways (Kermer et al. 2012;
Liu et al. 2011). The pH prevailing in the two habitats
were suitable for an initial reduction of soluble ferric iron
which was shown by Coupland and Johnson (2008) to be
about 2.3. The question, if Acidiphilium contributes to
substrate regeneration for the iron oxidizers dominating
the investigated communities remains to be answered. The
presence of the genus Acidithiobacillus in high abundance
suggests the participation of the species Acidithiobacillus
ferrooxidans in iron reduction within the community. The
ability of this species to reduce ferric iron to the ferrous
state is well investigated (Brock and Gustafson 1976).
Unfortunately, sequence analysis of the V3/V4 region is
largely not sufficient for a reliable taxonomic resolution
on species level.

The toxic effects that excretion of various metabolites
from co-occurring microorganisms can induce in autotrophic
microorganisms have been well investigated for some time
(Kelly 1971; Touvinen and Kelly 1973). The removal of
organic, potentially toxic substances like exudates or lysis
products by heterotrophic microorganisms may promote
growth of autotrophic iron oxidizers (Bacelar-Nicolau and
Johnson 1999). This effect has been studied in detail for
growth of Acidithiobacillus ferrooxidans under the influ-
ence of Acidiphilium acidophilum (Marchand and Silverstein
2002). The co-occurrence of Acidiphilium and Ferrovum
was found in a number of the investigated habitats of RZM.
A growth promoting effect through the removal of organic
compounds by the heterotrophic partner was proposed in
the interplay of these two taxa as well (Ullrich et al. 2015).

Interestingly, the CPla-3 termite group, only affiliated
on family level was found in 17 of the investigated habitats
up to a relative abundance of 3.8% (snottite BFRZ5c¢) and
7.1% (AMD-well S1). The CPla-3 termite group belongs to
the phylum Planctomycetota and has been correlated with
moderate and extremely acidic metal-rich environments
(Ettamimi et al. 2019; Gavrilov et al. 2019). However,
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there are only few reports on the occurrence of the CPla-3
termite group in mine-impacted microbial communities.

With the rapid progress in tracing yet uncultivable bac-
teria by extensive sequencing projects a new branch in
the tree of life became unveiled; the highly diverse clade
Candidate Phyla Radiation (CPR) subdivides the domain
bacteria (Jiao et al. 2021). The CRP comprises over 70
phyla including the superphyla Parcubacteria and Microg-
enomates (Danczak et al. 2017). Bacteria of the group
are characterized by small cell size and genomes lacking
numerous key biosynthetic pathways. This fact led to the
assumption that most of these bacteria grow in association
with other microorganisms adopting a mutualistic lifestyle
(Castelle et al. 2018). In all of the investigated habitats
of RZM phyla belonging to the monophyletic CPR were
found. Sequences of the candidate phyla Eremiobacterota
(formerly WPS-2) and Dormibacteraeota (formerly AD3)
were detected in comparably high abundance. For instance,
snottite samples BFRZ4d contained 14.1% Ca. Eremiobac-
terota and BFRZ5b 8.9% Ca. Dormibacteraeota, respec-
tively. The yet uncultured Ca. Eremiobacterota is known
to occur in bare soil environments but also in acidic and
neutral mine waters (Sheremet et al. 2020; Brantner et al.
2014; Pereira et al. 2014). It was shown by metagenomics
analysis that members of Ca. Eremiobacterota are well
adapted to survive under extreme conditions in a diverse
range of environments, including acidic, oligotrophic, and
metal-rich habitats (Ji et al. 2021). Ca. Dormibacteraeota,
however, seem to be less common in mine-impacted habi-
tats (Mesa et al 2017). In both, the biofilm and the AMD
samples sequences representing Ca. Saccharibacteria
(formerly TM7) were found up to a relative abundance
of 4.8% (BFRZ1b). Representatives of Ca. Saccharibac-
teria were previously reported to occur occasionally in
AMD environments (Méndez-Garcia et al. 2015). In all the
described environments, Ca. Saccharibacteria only thrived
as minor members in the microbial communities. A symbi-
otic lifestyle is suggested as genome analysis revealed i.a.,
incomplete metabolic pathways and traits of fermentative
metabolism (Lemos et al. 2019).

The characterization of microbial communities thriv-
ing in habitats essentially influenced by acid mine drainage
in the RZM could also become of interest for application
in bioleaching. Over the past decade the number of newly
founded or reopened mines in the Ore Mountains has con-
tinuously increased and different strategies for the recovery
of critical raw materials are applied (Mischo and Cramer
2020). For some types of the mined ores bioleaching with
selected sulfur- and iron-oxidizing bacteria from the indig-
enous communities could be an option for ore processing.
A deeper insight into succession of bioleaching communi-
ties in mine-impacted environments and the identification
of key players in the communities are prerequisites for the
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potential application of autochthonous microorganisms in
bioleaching.

Conclusion

A first meta-taxonomic study of prokaryotic communities
from the Reiche Zeche Mine revealed with an amount of 25
phyla a surprisingly high diversity of bacteria at strongly
mine-impacted locations. Although archaea were present at
only few sampling sites the detection of the class Thermo-
plasmata underlines the importance the group is likely to
have in mine-impacted habitats. Autotrophic iron-oxidizing
bacteria Leptospirillum and Acidithiobacillus were the core
taxa in the AMD-pool habitats, whereas Ferrovum was the
dominating taxon in some of the biofilms. A great variety
of other taxa involved in iron and sulfur cycling was present
in most habitats. Ferric iron reducers were omnipresent but
occurred at most locations only in low abundances. An unex-
pectedly high diversity of “microbial dark matter”, bacteria
belonging to the CPR, was found. These results may help
to expand our knowledge on the co-occurrence of acido-
philes and members of the CPR concerning symbiotic and
syntrophic relations. The obtained results on community
compositions provide baseline data for operating the in situ
bioleaching plant installed in the RZM. Regarding the high
concentrations of some metal(loids) at many locations it
seems likely to find highly resistant iron-oxidizing bacteria
that could be of interest for future biomining applications
on site.

Acknowledgements We are very grateful to Beate Erler and Juliane
Heim for library preparation and operating the sequencing platform.
We kindly acknowledge the profound insight into history and geology
of the mining claim by Bernhard Wagenbreth.

Funding Open Access funding enabled and organized by Projekt
DEAL.

Data availability Sample information and corresponding 16S rRNA
metagenomics data of the 25 datasets were deposited in the Sequence
Read Archive (SRA) of NCBI as BioProject "Survey of microbial
communities in the Reiche Zeche Mine” under accession number
PRINA706918 (BioSamples SAMN18208673 to SAMN18208697).
Sequences of the V3/V4 region of the 16S rRNA gene were depos-
ited to GenBank under the accession number SRX10272944 to
SRX10272968. The metadata are accessible through the corresponding
BioSample: from SAMN18208673 to SAMN18208677 for AMD pools
and from SAMN18208678 to SAMN18208697 for biofilm samples,
respectively.

Open Access This article is licensed under a Creative Commons Attri-
bution 4.0 International License, which permits use, sharing, adapta-
tion, distribution and reproduction in any medium or format, as long
as you give appropriate credit to the original author(s) and the source,
provide a link to the Creative Commons licence, and indicate if changes



Extremophiles (2022) 26:2

Page150f17 2

were made. The images or other third party material in this article are
included in the article's Creative Commons licence, unless indicated
otherwise in a credit line to the material. If material is not included in
the article's Creative Commons licence and your intended use is not
permitted by statutory regulation or exceeds the permitted use, you will
need to obtain permission directly from the copyright holder. To view a
copy of this licence, visit http://creativecommons.org/licenses/by/4.0/.

References

Ayala-Muiioz D, Burgos WD, Sanchez-Espaiia J, Couradeau E, Falagan
C, Macalady JL (2020) Metagenomic and metatranscriptomic
study of microbial metal resistance in an acidic pit lake. Micro-
organisms 8:1350

Bacelar-Nicolau P, Johnson DB (1999) Leaching of pyrite by acido-
philic heterotrophic iron-oxidizing bacteria in pure and mixed
cultures. Appl Environ Microbiol 65:585-590

Baker BJ, Banfield JF (2003) Microbial communities in acid mine
drainage. FEMS Microbiol Ecol 44:139-152

Bond PL, Smriga SP, Banfield JF (2000) Phylogeny of microorganisms
populating a thick, subaerial, predominantly lithotrophic biofilm
at an extreme acid mine drainage site. Appl Environ Microbiol
66:3842-3849

Brantner JS, Haake ZJ, Burwick JE, Menge CM, Hotchkiss ST, Senko
JM (2014) Depth-dependent geochemical and microbiological
gradients in Fe(IIl) deposits resulting from coal mine-derived
acid mine drainage. Front Microbiol 5:215

Braunschweig J, Bosch J, Heister K, Kuebeck C, Meckenstock RU
(2012) Reevaluation of colorimetric iron determination meth-
ods commonly used in geomicrobiology. J Microbiol Methods
1:41-48

Brock TD, Gustafson J (1976) Ferric iron reduction by sulfur- and iron-
oxidizing bacteria. Appl Environ Microbiol 32:567-571

Brockmann S, Arnold T, Schweder B, Bernhard G (2010) Visualizing
acidophilic microorganisms in biofilm communities using acid
stable fluorescence dyes. J Fluoresc 20:943-951

Bruneel O, Volant A, Gallien S, Chaumande B, Casiot C, Carapito
C, Bardil A, Morin G, Brown GE Jr, Personné CJ, Le Paslier D,
Schaeffer C, Van Dorsselaer A, Bertin PN, Elbaz-Poulichet F,
Arsene-Ploetze F (2011) Characterization of the active bacterial
community involved in natural attenuation processes in arsenic—
rich creek sediments. Microb Ecol 61:793-810

Cérdenas JP, Quatrini R, Holmes DS (2016) Genomic and metagen-
omic challenges and opportunities for bioleaching: a mini-review.
Res Microbiol 167:529-538

Castelle CJ, Brown CT, Anantharaman K, Probst AJ, Huang RH,
Banfield JF (2018) Biosynthetic capacity, metabolic variety and
unusual biology in the CPR and DPANN radiations. Nat Rev
Microbiol 16:629-645

Chen LX, Huang LN, Méndez-Garcia C, Kuang JL, Hua ZS, Liu J, Shu
WS (2016) Microbial communities, processes and functions in
acid mine drainage ecosystems. Curr Opin Biotechnol 38:150-158

Coupland K, Johnson DB (2008) Evidence that the potential for dis-
similatory ferric iron reduction is widespread among acidophilic
heterotrophic bacteria. FEMS Microbiol Lett 279:30-35

Emerson D, Moyer C (1997) Isolation and characterization of novel
iron—oxidizing bacteria that grow at circumneutral pH. Appl Envi-
ron Microbiol 63:4784-4792

Garcia-Moyano A, Austnes AE, Lanzén A, Gonzalez-Toril E, Aguilera
A, @vreds L (2015) Novel and unexpected microbial diversity in
acid mine drainage in Svalbard (78° N), revealed by culture—inde-
pendent approaches. Microorganisms 3:667-694

Gavrilov SN, Korzhenkov AA, Kublanov IV, Bargiela R, Zamana LV,
Popova AA, Toshchakov SV, Golyshin PN, Golyshina OV (2019)
Microbial communities of polymetallic deposits’ acidic eosys-
tems of continental climatic zone with high temperature contrasts.
Front Microbiol 10:1573

Gelhaar N, Schopf S, Schloemann M (2015) Indium extraction from
Reiche Zeche sphalerite and community analysis of acidic mine
water. Adv Mater Res 1130:392-325

Goltsman DS, Denef VJ, Singer SW, VerBerkmoes NC, Lefsrud M,
Mueller RS, Dick GJ, Sun CL, Wheeler KE, Zemla A, Baker BJ,
Hauser L, Land M, Shah MB, Thelen MP, Hettich RL, Banfield JF
(2009) Community genomic and proteomic analyses of chemoau-
totrophic iron—oxidizing “Leptospirillum rubarum” (Group 1I) and
“Leptospirillum ferrodiazotrophum” (Group III) bacteria in acid
mine drainage biofilms. Appl Environ Microbiol 75:4599-4615

Hallberg KB, Coupland K, Kimura S, Johnson DB (2006) Macro-
scopic streamer growths in acidic, metal-rich mine waters in
north Wales consist of novel and remarkably simple bacterial
communities. Appl Environ Microbiol 72:2022-2030

Heinzel E, Janneck E, Glombitza F, Schlomann M, Seifert J (2009)
Population dynamics of iron-oxidizing communities in pilot
plants for the treatment of acid mine waters. Environ Sci Tech-
nol 43:6138-6144

Herbold CW, Lehtovirta-Morley LE, Jung MY, Jehmlich N, Haus-
mann B, Han P, Loy A, Pester M, Sayavedra-Soto LA, Rhee
SK, Prosser JI, Nicol GW, Wagner M, Gubry-Rangin C (2017)
Ammonia-oxidising archaea living at low pH: Insights from
comparative genomics. Environ Microbiol 19:4939-4952

Huang LN, Kuang JL, Shu WS (2016) Microbial ecology and evolu-
tion in the acid mine drainage model system. Trends Microbiol
24:581-593

Hug LA, Baker BJ, Anantharaman K, Brown CT, Probst AJ, Castelle
CJ, Butterfield CN, Hernsdorf AW, Amano Y, Ise K, Suzuki Y,
Dudek N, Relman DA, Finstad KM, Amundson R, Thomas BC,
Banfield JF (2016) A new view of the tree of life. Nat Microbiol
1:16048

Ji M, Williams TJ, Montgomery K, Wong HL, Zaugg J, Berengut
JF, Bissett A, Chuvochina M, Hugenholtz P, Ferrari BC (2021)
Candidatus Eremiobacterota, a metabolically and phylogeneti-
cally diverse terrestrial phylum with acid-tolerant adaptations.
ISME J. https://doi.org/10.1038/s41396-021-00944-8

Johnson DB, Bridge TA (2002) Reduction of ferric iron by aci-
dophilic heterotrophic bacteria: evidence for constitutive and
inducible enzyme systems in Acidiphilium spp. J Appl Micro-
biol 92:315-321

Johnson DB, Hallberg KB (2008) Carbon, iron and sulfur metab-
olism in acidophilic microorganisms. Adv Microb Physiol
54:201-255

Johnson DB, McGinness S (1991) Ferric iron reduction by acidophilic
heterotrophic bacteria. Appl Environ Microbiol 57:207-211

Johnson DB, Quatrini R (2020) Acidophile microbiology in space and
time. Curr Issues Mol Biol 39:63-76

Johnson DB, Hallberg KB, Hedrich S (2014) Uncovering a microbial
enigma: isolation and characterization of the streamer-generating,
iron-oxidizing, acidophilic bacterium “Ferrovum myxofaciens”.
Appl Environ Microbiol 80:672-680

Jones DS, Kohl C, Grettenberger C, Larson LN, Burgos WD, Maca-
ladya JL (2015) Geochemical niches of iron-oxidizing acido-
philes in acidic coal mine drainage. Appl Environ Microbiol
81:1242-1250

Jones DS, Lapakko KA, Wenz ZJ, Olson MC, Roepke EW, Sadowsky
MlJ, Novak PJ, Bailey JV (2017) Novel microbial assemblages
dominate weathered sulfide-bearing rock from copper-nickel
deposits in the Duluth complex, Minnesota, USA. Appl Environ
Microbiol 83(16):¢00909-e917

@ Springer


http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/s41396-021-00944-8

2 Page16of 17

Extremophiles (2022) 26:2

Karavaiko G, Pivovarova T (1973) Oxidation of elementary sulfur by
Thiobacillus thiooxidans. Mikrobiologiia 42:389-395

Kelly DP (1971) Autotrophy: concepts of lithotrophic bacteria and their
organic metabolism. Ann Rev Microbiol 25:177-210

Kermer R, Hedrich S, Taubert M, Baumann S, Schloemann M, Johnson
DB, Seifert J (2012) Elucidation of carbon transfer in a mixed
culture of Acidiphilium cryptum and Acidithiobacillus ferroox-
idans using protein—based stable isotope probing. J Integr OMICS
2:37-45

Klindworth A, Pruesse E, Schweer T, Peplies J, Quast C, Horn M,
Glockner FO (2013) Evaluation of general 16S ribosomal RNA
gene PCR primers for classical and next-generation sequencing-
based diversity studies. Nucleic Acids Res 41:el

Konopka A (2009) What is microbial community ecology? ISME
J3:1223-1230

Korehi H, Blothe M, Schippers A (2014) Microbial diversity at
the moderate acidic stage in three different sulfidic mine tail-
ings dumps generating acid mine drainage. Res Microbiol
165:713-718

Kuang JL, Huang LN, Chen LX, Hua ZS, Li SJ, Hu M, Li JT, Shu WS
(2013) Contemporary environmental variation determines micro-
bial diversity patterns in acid mine drainage. ISME J 7:1038-1050

Lemos LN, Medeiros JD, Dini-Andreote F, Fernandes GR, Varani
AM, Oliveira G, Pylro VS (2019) Genomic signatures and co-
occurrence patterns of the ultra-small Saccharimonadia (phylum
CPR/Patescibacteria) suggest a symbiotic lifestyle. Mol Ecol
28:4259-4271

LiuJ, Hua ZS, Chen LX, Kuang JL, Li SJ, Shu WS, Huang LN (2014)
Correlating microbial diversity patterns with geochemistry in an
extreme and heterogeneous environment of mine tailings. Appl
Environ Microbiol 80:3677-3686

Lukhele T, Selvarajan R, Nyoni H, Mamba BB, Msagati TAM (2020)
Acid mine drainage as habitats for distinct microbiomes: current
knowledge in the era of molecular and omic technologies. Curr
Microbiol 77:657-674

Marchand EA, Silverstein J (2002) Influence of heterotrophic microbial
growth on biological oxidation of pyrite. Environ Sci Technol
36:5483-5490

Meéndez-Garcia C, Peldez A, Mesa V, Sanchez J, Golyshina OV, Ferrer
M (2015) Microbial diversity and metabolic networks in acid mine
drainage habitats. Front Microbiol 6:1-17

Mesa V, Gallego JLR, Gonzalez-Gil R, Lauga B, Sanchez J, Méndez-
Garcia C, Pelaez Al (2017) Bacterial, archaeal, and eukaryotic
diversity across distinct microhabitats in an acid mine drainage.
Front Microbiol 8:1756

Miettinen H, Bomberg M, Le TMK, Kinnunen P (2021) Identification
and metabolism of naturally prevailing microorganisms in zinc
and copper mineral processing. Minerals 11:156

Mischo H, Cramer B (2020) New mines in an old mining district—
opportunities and challenges of the 4th mining boom in the ore
mountains region. Min Rep 156:40-45

Needleman SB, Wunsch CD (1970) A general method applicable to the
search for similarities in the amino acid sequence of two proteins.
J Mol Biol 48:443-453

Pereira LB, Vicentini R, Ottoboni LM (2014) Changes in the bacterial
community of soil from a neutral mine drainage channel. PLoS
ONE 9:96605

Pruesse E, Quast C, Knittel K, Fuchs BM, Ludwig W, Peplies J, Glock-
ner FO (2007) SILVA: a comprehensive online resource for qual-
ity checked and aligned ribosomal RNA sequence data compatible
with ARB. Nucleic Acids Res 35:7188-7196

Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, Peplies
J, Glockner FO (2013) The SILVA ribosomal RNA gene database
project: improved data processing and web—based tools. Nucleic
Acids Res 41(D1):D590-D596

@ Springer

Schlueter R, Mischo H (2018) In situ bioleaching of polymetallic sul-
phide ores—conditioning methods for enhanced permeability in
crystalline rock formations. GeoResources J 1:40-46

Segerer A, Langworthy TA, Stetter KO (1988) Thermoplasma aci-
dophilum and Thermoplasma volcanium sp. nov. from solfatara
fields. Syst Appl Microbiol 10:161-171

Seifert T, Sandmann D (2006) Mineralogy and geochemistry of
indium-bearing polymetallic vein-type deposits: implications for
host minerals from the Freiberg district, Eastern Erzgebirge, Ger-
many. Ore Geol Rev 28:1-31

Sheehan KB, Henson JM, Ferris MJ (2005) Legionella species diver-
sity in an acidic biofilm community in Yellowstone National Park.
Appl Environ Microbiol 71:507-511

Sheremet A, Jones GM, Jarett J, Bowers RM, Bedard I, Culham C,
Eloe-Fadrosh EA, Ivanova N, Malmstrom RR, Grasby SE, Woyke
T, Dunfield PF (2020) Ecological and genomic analyses of can-
didate phylum WPS-2 bacteria in an unvegetated soil. Environ
Microbiol 22:3143-3157

Silverman MP, Lundgren DG (1959) Studies on the chemoautotrophic
iron bacterium Ferrobacillus ferrooxidans. 1. An improved
medium and a harvesting procedure for securing high cell yields.
J Bacteriol 77:642-647

Solden L, Lloyd K, Wrighton K (2016) The bright side of microbial
dark matter: lessons learned from the uncultivated majority. Curr
Opin Microbiol 31:217-226

Stockmann M, Hirsch D, Lippmann-Pipke J, Kupsch H (2013)
Geochemical study of different-aged mining dump materials
in the Freiberg mining district, Germany. Environ Earth Sci
68:1153-1168

Sze MA, Schloss PD (2019) The impact of DNA polymerase and
number of rounds of amplification in PCR on 16S rRNA gene
sequence data. mSphere 4:¢00163—-e00219

Tan S, Liu J, Fang Y, Hedlund BP, Lian ZH, Huang LY, Li JT, Huang
LN, Li WJ, Jiang HC, Dong HL, Shu WS (2019) Insights into
ecological role of a new deltaproteobacterial order Candidatus
Acidulodesulfobacterales by metagenomics and metatranscrip-
tomics. ISME J 13:2044-2057

Teng W, Kuang J, Luo Z, Shu W (2017) Microbial diversity and com-
munity assembly across environmental gradients in acid mine
drainage. Minerals 7:106

Touvinen OH, Kelly DP (1973) Studies on the growth of Thiobacillus
ferrooxidans. 1. Use of membrane filters and ferrous iron agar
to determine viable numbers, and comparison with 14CO,-fixa-
tion and iron oxidation as measures of growth. Arch Mikrobiol
88:285-298

Tyson GW, Lo I, Baker BJ, Allen EE, Hugenholtz P, Banfield JF (2005)
Genome—directed isolation of the key nitrogen fixer Leptospiril-
lum ferrodiazotrophum sp. nov. from an acidophilic microbial
community. Appl Environ Microbiol 71:6319-6324

Ullrich SR, Poehlein A, Voget S, Hoppert M, Daniel R, Leimbach A,
Tischler JS, Schlomann M, Miihling M (2015) Permanent draft
genome sequence of Acidiphilium sp. JA12-Al. Stand Genomic
Sci 10:56

Vuillemin A, Horn F, Friese A, Winkel M, Alawi M, Wagner D, Henny
C, Orsi WD, Crowe SA, Kallmeyer J (2018) Metabolic potential
of microbial communities from ferruginous sediments. Environ
Microbiol 20:4297-4313

Wiche O, Heilmeier H (2016) Germanium (Ge) and rare earth element
(REE) accumulation in selected energy crops cultivated on two
different soils. Miner Eng 92:208-215

Wilmes P, Remis JP, Hwang M, Auer M, Thelen MP, Banfield JF
(2009) Natural acidophilic biofilm communities reflect distinct
organismal and functional organization. ISME J 3:266-270

Wingett SW, Andrews S (2018) FastQ screen: a tool for multi-genome
mapping and quality control. FI000Res 7:1338



Extremophiles (2022) 26:2

Page 17 of 17 2

Zianker H, Moll H, Richter W, Brendler V, Hennig C, Reich T, Kluge
A, Hiittig G (2002) The colloid chemistry of acid rock drain-
age solution from an abandoned Zn-Pb-Ag mine. Appl Geochem
17:633-648

Zhiteneva V, Brune J, Mischo H, Weyer J, Simon A (2016) Water
quality of Reiche Zeche Mine, Freiberg/Saxony, Germany. SME
Ann Meet 16-63:1-5

Ziegler S, Dolch K, Geiger K, Krause S, Asskamp M, Eusterhues K,
Kriews M, Wilhelms-Dick D, Goettlicher J, Majzlan J, Gescher J
(2013a) Oxygen-dependent niche formation of a pyrite-depend-
ent acidophilic consortium built by archaea and bacteria. ISME
J7:1725-1737

Ziegler S, Waidner B, Itoh T, Schumann P, Spring S, Gescher J (2013b)
Metallibacterium scheffleri gen. nov., sp. nov., an alkalinizing
gammaproteobacterium isolated from an acidic biofilm. Int J Syst
Evol Microbiol 63:1499-1504

Publisher's Note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

@ Springer



	Prokaryotic communities in the historic silver mine Reiche Zeche
	Abstract
	Introduction
	Materials and methods
	Site description
	Sampling
	Geochemical analyses
	DNA extraction
	16S rRNA library preparation and sequencing
	Sequence processing and analyses
	Statistical analyses

	Results
	Geochemical analysis
	Summary sequencing data
	Alpha and beta diversity in AMD, snottite, and biofilm samples
	Archaeal signatures
	Bacterial signatures

	Discussion
	Conclusion
	Acknowledgements 
	References




