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The microbial communities of three different sulfidic and acidic mine waste tailing dumps located in
Botswana, Germany, and Sweden were quantitatively analyzed using quantitative real-time PCR (Q-PCR),
fluorescence in situ hybridization (FISH), catalyzed reporter deposition-FISH (CARD-FISH), Sybr green II
direct counting, and the most probable number (MPN) cultivation technique. Depth profiles of cell numbers
showed that the compositions of the microbial communities are greatly different at the three sites and also
strongly varied between zones of oxidized and unoxidized tailings. Maximum cell numbers of up to 109 cells g�1

dry weight were determined in the pyrite or pyrrhotite oxidation zones, whereas cell numbers in unoxidized
tailings were significantly lower. Bacteria dominated over Archaea and Eukarya at all tailing sites. The
acidophilic Fe(II)- and/or sulfur-oxidizing Acidithiobacillus spp. dominated over the acidophilic Fe(II)-oxidiz-
ing Leptospirillum spp. among the Bacteria at two sites. The two genera were equally abundant at the third site.
The acidophilic Fe(II)- and sulfur-oxidizing Sulfobacillus spp. were generally less abundant. The acidophilic
Fe(III)-reducing Acidiphilium spp. could be found at only one site. The neutrophilic Fe(III)-reducing Geobacter-
aceae as well as the dsrA gene of sulfate reducers were quantifiable at all three sites. FISH analysis provided
reliable data only for tailing zones with high microbial activity, whereas CARD-FISH, Q-PCR, Sybr green II
staining, and MPN were suitable methods for a quantitative microbial community analysis of tailings in
general.

Mining residues from mining activities are dumped as waste
rock or as tailings, which are metal-degraded materials from
ore processing. Both kinds of dumps often contain sulfide
minerals such as pyrite (FeS2) or pyrrhotite (Fe1�xS, x � 0 to
0.125) and release acidic metal-rich waters known as acid mine
drainage (AMD)/acid rock drainage (ARD) because of chem-
ical and microbial sulfide oxidation processes, e.g.,

FeS2�3.5 O2�H2OFe2��2 H��2 SO4
2�

Over a period of several years, an oxidized zone with
depleted sulfide content, low pH, and enrichment of sec-
ondary minerals develops above an unoxidized zone with
unaltered material in the waste dump (e.g., references 4, 14,
21, 40, and 49).

Several geomicrobiological investigations of sulfidic mine
waste dumps located in different climate zones have been un-
dertaken to gather information about microbial processes and
diversity in these extreme environments. At such sites, aerobic,
acidophilic, chemolithotrophic Bacteria or Archaea dissolve
metal sulfides by oxidizing Fe(II) and sulfur compounds and
generate AMD/ARD. Products resulting from these oxidation
processes can be used by Fe(III)- and sulfate-reducing pro-
karyotes. When Fe(III) (hydr)oxides are dissolved, adsorbed
or precipitated metals are released. Sulfate-reducing Bacteria
or Archaea may also precipitate metals as metal sulfides (22,
49, 50).

Primarily cultivation techniques have been used to enumer-
ate prokaryotes involved in oxidation and reduction processes
in sulfidic mine waste dumps (3, 17, 52, 57, 64). Cultivation
techniques yield cell numbers merely according to physiologi-
cal properties; therefore, only a subset of the whole microbial
community is detected. Up to this point, only qualitative mo-
lecular biological tests were applied to sulfidic mine dumps
such as cloning and subsequent sequencing (7), denaturing
gradient gel electrophoresis (12, 38), and terminal restriction
fragment length polymorphism (7, 13). In addition, protein and
lipid analysis (37, 58) were performed with tailing samples.
These investigations provided valuable information about the
microbial diversity in mine dumps but little information about
the quantities of the different microbial groups or species. The
molecular biological quantification technique fluorescence in
situ hybridization (FISH) and metagenomic and proteomic
techniques have been previously applied to quantify acido-
philes in water samples from AMD sites (2, 6, 15, 20, 23, 46, 56,
61) but not solid samples from mine dumps.

In this study, the microbial communities in three mine tail-
ing dumps, each with a different mineralogy and located in
different climate zones, were quantified by cultivation and mo-
lecular biological methods. Depth profiles of cell numbers of
different microorganisms were created using Sybr green II
direct counting, quantitative real-time PCR (Q-PCR), FISH,
catalyzed reporter deposition-FISH (CARD-FISH), and the
most probable number (MPN) cultivation technique. Some of
the data from MPN and total number determination of Bac-
teria and Archaea were previously published in connection with
geochemical and mineralogical studies, as were data from de-
terminations of metal sulfide oxidation rates determined by
calorimetry (21, 25, 30, 31, 55). Here, a detailed Q-PCR and
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FISH analysis of microorganisms relevant for Fe and S oxida-
tion and reduction processes is presented for the first time.

MATERIALS AND METHODS

Site description and sampling. (i) Uncovered pyrrhotite-containing tailing
dump, Selebi-Phikwe, Botswana. The tailing dump in Botswana exists in a semi-
arid climate with an average annual temperature of 21°C. At the time of sampling
in 2003, it was still in operation and uncovered. It was approximately 40 m high
and spread over an area of approximately 1 km2. It contained Ni, Cu, Zn, and Co
sulfidic ore processing waste accumulated over a period of about 32 years. The
solid material of the original tailings consisted of 11% pyrrhotite, about 1.5%
other metal sulfides, and hornblende and feldspar as gangue minerals. A set of
24 drilling samples was taken to a depth of 26 m. The content of total reduced
inorganic sulfur was 4.1% on average in the investigated samples, and total
organic carbon (TOC) was below 0.1%. The geochemistry of the tailing dump
and the sampling procedure have been previously described (55).

(ii) Covered pyrite-containing tailings in impoundment 1, Kristineberg,
northern Sweden. The climate in Kristineberg, northern Sweden, is humid with
an annual precipitation between 400 and 800 mm per year and an annual mean
temperature of 0.7°C. The tailing dump had been in operation for about 10 years
and was left unremediated for approximately 40 years before it was covered in
1996 with a soil cover consisting of 0.3 m compacted till and 1.5 m unspecific till.
Before covering, sulfide oxidation occurred in distinct depth layers (oxidized
tailings). The tailing dump consists of waste from Zn and Cu sulfidic ore pro-
cessing, covers an area of 0.1 km2, and is 6 to 7 m high. In the unoxidized tailings,
the content of sulfide minerals ranges from 10 to 30% and is completely domi-
nated by pyrite, while in the oxidized tailings the sulfide content is generally
around 1 to 2%. In 2003, nine samples were taken by drilling to a depth of 6.5 m.
The TOC was below 0.8%. The geochemistry and mineralogy of the tailing dump
and the sampling procedure have been described by others in detail (8, 9, 25–27,
30, 39, 41).

(iii) Uncovered pyrite- and arsenopyrite-containing tailing dump, Freiberg,
Germany. The tailing dump in Freiberg, Germany, is located in a temperate zone
with an annual mean precipitation of 763 mm per year and an annual mean
temperature of 7.7°C. Its height is 30 m, and it is spread over an area of 0.06 km2.
It is unremediated and partly covered by a layer of soil less than 0.2 m in
thickness. The tailing dump consists of waste from Pb and Zn sulfidic ore
processing with the main metal sulfides being pyrite, arsenopyrite, sphalerite, and
galena. Three thin, cemented layers occur in a depth range of 0.6 to 0.63 m. They
separate an upper zone (metal sulfide content of �0.1%), which underwent
oxidation, from a zone of active oxidation (metal sulfide content of �1%)
beneath it. An unoxidized zone with a metal sulfide content of 1% occurs at a
depth below 0.85 m. In 2005, 21 samples were taken down to a depth of 1.2 m in
an outcrop profile from the center of the tailing dump. TOC was below 0.1%.
The geochemistry and mineralogy of the tailing dump and the sampling proce-
dure have been previously described (21).

Quantification of microorganisms. (i) Sybr green II direct counting and MPN.
Total cell numbers were determined in formaldehyde-fixed samples (36) by
staining with Sybr green II as described previously (63). The MPN technique was
used to enumerate acidophilic chemolithoautotrophic Fe(II) oxidizers and sulfur
oxidizers. For quantifying Fe(II) oxidizers, the medium described by Leathen et
al. (34) at pH 3.5 was used: (NH4)2SO4, 0.15 g; KCl, 0.05 g; MgSO4 � 7H2O,
0.50 g; K2HPO4, 0.05 g; Ca(NO3)2, 0.01 g; FeSO4 � 7H2O, 1.00 g in 1,000 ml of
distilled water. The following medium described by Starkey (60) at pH 3.5 was
used for quantifying sulfur oxidizers: (NH4)2SO4, 0.30 g; KH2PO4, 3.50 g; CaCl2,
0.25 g; MgSO4, 0.50 g; Fe(SO4)3, 0.01 g; elemental sulfur, 10 g in 1,000 ml of
distilled water.

(ii) FISH and CARD-FISH. Living Bacteria (probes EUB338 I to EUB338 III)
and Archaea (ARCH915) were quantified by CARD-FISH and by FISH in
formaldehyde-fixed samples on filters as previously published (11, 43, 44, 54, 59).
FISH was also applied for quantifying specific Fe- and S-oxidizing and/or -re-
ducing prokaryotes by using the following probes: LF655 (specific for Leptospi-
rillum species of groups I, II, and III), ACM732 (specific for the genus Acidimi-
crobium and relatives), SUL228 (specific for the genus Sulfobacillus) (5),
Acdp821 (specific for the genus Acidiphilium), Thio820 (specific for Acidithio-
bacillus ferrooxidans and Acidithiobacillus thiooxidans) (42), TF539 (specific for
A. ferrooxidans) (56), and LGC0355 (specific for gram-positive bacteria with low
G�C content [23]). The detection limit for the microscopic methods Sybr green
II, FISH, and CARD-FISH was 105 cells g�1 dry weight each. The specificity for
selected probes was tested with different pure cultures.

(iii) Real-time PCR. The DNA was extracted from 1 to 5 g of a frozen tailing
sample following a modified FastDNA Spin Kit for Soil (Bio 101) protocol (62).

Q-PCR was used to quantify Bacteria, Archaea, Geobacteraceae, Leptospirillum
spp., Acidithiobacillus caldus, and Sulfobacillus spp. by targeting their 16S rRNA
genes; Eukarya by targeting their 18S rRNA genes; and sulfate-reducing pro-
karyotes by targeting their specific functional gene dsrA as described previously
(35, 51). Furthermore, the 16S rRNA gene of Acidithiobacillus spp. was quanti-
fied using a modified protocol published by Zammit et al. (65). Mastermix
(Eurogentec) with Sybr green I (12.5 �l) was used with 1 �l of each primer (250
nM; 27F [33] and At.f384R [5�-CATTGCTTCGTCAGGGTTG-3�] [65]) and
1.25 �l bovine serum albumin in a total reaction volume of 25 �l. The cycling
parameters were as follows: one cycle of 94°C for 10 min and 35 cycles of 94°C
for 45 s, 61°C for 1 min, and 72°C for 45 s.

Each DNA extract was measured in triplicate and in at least two dilutions to
check for PCR inhibition. After each Q-PCR run, melting curves were measured
for Sybr green I assays. The primer specificity for the specific Q-PCR assays was
confirmed by sequence alignment in databases (Blast, Ribosomal Database
Project) and tested using DNA of A. ferrooxidansT, A. caldusT, A. thiooxidansT,
Leptospirillum ferrooxidansT, Leptospirillum ferriphilumT, and Sulfobacillus aci-
dophilusT. To convert DNA copy numbers to cell numbers, the following con-
version factors were used: 4.1 for Bacteria and Geobacteraceae, 1.5 for Archaea
(29), 1 for the dsrA gene (51), 12 for Acidithiobacillus spp. and A. caldus, 6 for
Sulfobacillus spp., and 10 for Leptospirillum spp. (65). The detection limits for
Q-PCR analyses were 103 DNA copies g�1 dry weight for the assays specific
for Bacteria and Acidithiobacillus spp.; 102 DNA copies g�1 dry weight for the
assays specific for Geobacteraceae, Eukarya, Leptospirillum spp., and the dsrA
gene; and 101 DNA copies g�1 dry weight for the assays specific for Archaea,
Sulfobacillus spp., and A. caldus.

RESULTS

Oxidized and unoxidized tailing zones. We observed signif-
icant differences in the location and thickness of oxidized zones
with reduced sulfide content due to sulfide weathering and
unoxidized zones in the three sulfidic mine tailing dumps. In
the active tailing dump in Selebi-Phikwe, Botswana, the entire
investigated depth of 26 m comprised an oxidized zone defined
by the occurrence of brownish Fe(III) (hydr)oxides and a low
pH of 3 to 4 measured in the paste of a sample (Fig. 1B). In
contrast, the remediated tailing dump in Kristineberg, Sweden,
was divided into an approximately half-meter-thick oxidized
zone with an average pH of 3.5 measured in the paste of a
sample below a 2-m-thick cover of soil and above the unoxi-
dized tailings (pH 4.9) (Fig. 1D). A special situation was found
in the inactive tailing dump in Freiberg, Germany, where a
zone of cemented layers in 0.6- to 0.63-m depth (pH 3 to 4)
divided the previously oxidized tailings above (pH 4 to 5) from
the zone of active oxidation below (pH �3). The zone of
unoxidized tailings (pH 5 to 7) was located below an 0.85-m
depth (Fig. 1F). The TOC was generally low in all tailing
dumps; thus, metal sulfides must provide the main energy
source for microbial activity.

Quantification of total cells, Bacteria, Archaea, and cultiva-
ble Fe(II) oxidizers. The quantitative microbial community
analysis showed significantly different depth profiles of cell
numbers for the various microbial groups (Fig. 1 and 2). Sybr
green II total cell counts comprised the highest cell numbers in
all three tailings over the whole depth profiles (106 to 109 cells
g�1 dry weight) (Fig. 1A, C, and E). Bacterial cell numbers
determined via Q-PCR were somewhat lower but of the same
order of magnitude as the total cell counts at all three sites.
Furthermore, Archaea were detected via Q-PCR in the oxi-
dized zone of the tailing dump in Sweden and above the zone
of cemented layers in the tailing dump in Germany but not in
Botswana. By the use of CARD-FISH, Bacteria were detected
in different proportions of total cell numbers at the different
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sites, while Archaea remained below the detection limit of 105

cells g�1 dry weight at all three sites.
The highest cell numbers (108 to 109 cells g�1 dry weight)

were detected with all methods in the active oxidation zone
(0.63- to 0.85-m depth) in the tailing dump in Germany. Above
and below this zone, the cell numbers of living and cultivable
cells detected by CARD-FISH and MPN, respectively, were
significantly lower than cell numbers detected by Sybr green
and Q-PCR (Fig. 1E and F). In the tailing dump in Botswana,
cell numbers generally did not show a depth trend except for
the MPN numbers of Fe(II) oxidizers, which decreased toward
the tailing surface correlating with the water content (data not
shown). CARD-FISH and MPN detectable cell numbers gen-
erally exhibited a high proportion of Sybr green and Q-PCR
detectable cell numbers (Fig. 1A and B). A pronounced depth
trend was observed in Sweden, where the cell numbers de-

tected in the oxidized zone of the tailing dump (107 to 108 cells
g�1 dry weight) were approximately 1 order of magnitude
higher than those in the unoxidized zone (Fig. 1C and D).

Quantification of microorganisms of specific groups de-
tected via Q-PCR analysis. Since the Q-PCR data showed high
bacterial cell numbers, this method was chosen for a detailed
microbial community analysis by the quantification of genes of
particular microbial phylogenetic groups, genera, or species
relevant for mine tailings (Fig. 2). In the tailing dump in
Botswana, the DNA copy numbers of all specific genes were
between 104 and 106 copies g�1 dry weight (Fig. 2A and B). In
many samples of the investigated depth profile, the acidophilic
Fe(II) and/or sulfur oxidizers Acidithiobacillus spp., the Fe(III)
reducers Geobacteraceae, and sulfate reducers (dsr) were de-
tected. The 16S rRNA genes specific for the acidophilic Fe(II)
oxidizers Leptospirillum spp. and the acidophilic sulfur oxidizer

FIG. 1. The pH values (�) and cell numbers of samples from mine tailing dumps located in Selebi-Phikwe, Botswana (A and B); Kristineberg,
Sweden (C and D); and Freiberg, Germany (E and F). The cell numbers were detected by Sybr green II direct counting (F), CARD-FISH for
Bacteria (¹), the MPN technique for detection of Fe(II) oxidizers (E), Q-PCR for Bacteria (‚), and Q-PCR for Archaea (�). The number of
Archaea detected by CARD-FISH was below the detection limit of 105 cells g�1 dry weight (dw) at all three sites. Note different zones and depth
scales. (Panels A and B are both adapted from references 30 and 55 with permission from Elsevier. Panel C is adapted from reference 25 with
permission of the publisher [copyright 2008 American Chemical Society] and reference 30 with permission from Elsevier. Panel D is adapted from
reference 30 with permission from Elsevier. Panels E and F are both adapted from reference 31 with permission and reference 21 with permission
from Elsevier.)
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A. caldus were below the detection limit of 103 copies g�1 dry
weight. The acidophilic Fe(II) and sulfur oxidizer Sulfobacillus
spp. and eukaryotic 18S rRNA genes were detected in only a
few samples.

In the tailing dump in Sweden, Leptospirillum spp. and Acidi-
thiobacillus spp. were most abundant in the oxidized zone with
the highest DNA copy numbers of up to 107 copies g�1 dry
weight (Fig. 2C and D). DNA gene copy numbers specific for
Eukarya, Geobacteraceae, sulfate reducers, Sulfobacillus spp.,
and A. caldus were between 104 and 106 copies g�1 dry weight
in both zones.

In the tailing dump in Germany, the microbial community
was dominated by Acidithiobacillus spp., which were most
abundant in the oxidation zone below the cemented layers with
the maximum DNA gene copy number of 108 copies g�1 dry
weight and exceeded the abundance of Leptospirillum spp. by 3
orders of magnitude in higher DNA gene copy numbers (Fig.

2E and F). While the DNA gene copy numbers of Acidithio-
bacillus spp. were most abundant, A. caldus was not detected
by Q-PCR. Also, Sulfobacillus spp. were below the detection
limit of 103 copies g�1 dry weight. DNA gene copy numbers
between 103 and 106 copies g�1 dry weight were obtained for
the 16S rRNA gene of Geobacteraceae and for dsr. The latter
gene was detected only in the zone of active oxidation. Eu-
karyotic 18S rRNA genes could be found throughout the entire
investigated depth in high amounts (106 to 108 copies g�1 dry
weight).

Quantification of microorganisms of specific groups de-
tected via FISH analysis. In addition to the detailed quantita-
tive microbial community analysis using Q-PCR, FISH analy-
ses of five selected samples from each tailing dump were
performed with different specific probes. For comparison, the
cell numbers obtained by FISH as well as CARD-FISH, Q-
PCR, and MPN for the selected samples are shown in Table 1.

FIG. 2. DNA copy numbers of the 16S rRNA genes of Acidithiobacillus spp. (}), Acidithiobacillus caldus (9), Leptospirillum spp. (¹),
Sulfobacillus spp. (�), Geobacteraceae (‚), the dsrA gene of sulfate reducers (�), and the 18S rRNA gene of Eukarya (E) in samples from mine
waste tailings located in Selebi-Phikwe, Botswana (A and B); Kristineberg, Sweden (C and D); and Freiberg, Germany (E and F). Note different
zones and depth scales. dw, dry weight.
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By the use of CARD-FISH and Q-PCR, Bacteria were de-
tected in all samples in similar numbers and usually slightly
below the total cell counts. By the use of FISH, Bacteria could
not be quantified for all samples and the bacterial cell numbers
were significantly lower than those determined by CARD-
FISH in samples from Botswana and Sweden. In contrast, for
the five samples from the zone of active oxidation processes in
the tailing dump in Germany, similar bacterial numbers were
obtained for FISH and CARD-FISH, even though the bright-
ness of the cell signals was considerably different for the two
methods (Fig. 3). Archaea were quantified via Q-PCR in sam-
ples from Sweden but not by CARD-FISH or FISH. No other
specific groups were detected via FISH in the latter tailing
dump.

In the tailing dump in Botswana, Acidithiobacillus spp. were
detected via FISH only in two of five of the investigated sam-
ples and in significantly lower cell numbers than those detected
via MPN for Fe(II) oxidizers. The cell numbers were somewhat
higher than those detected with Q-PCR for Acidithiobacillus
spp. FISH probes specific for the acidophilic Fe(II) oxidizers
A. ferrooxidans and L. ferrooxidans did not show quantifiable
positive signals. Acidiphilium species-specific FISH probes
showed cell numbers in the same samples and of the same
order of magnitude as those for the Acidithiobacillus species-
specific FISH probes.

In contrast to samples from the tailing dumps in Botswana
and Sweden, the five samples from the zone of active oxidation
in the tailing dump in Germany revealed cell numbers detected
by FISH for Acidithiobacillus spp. and A. ferrooxidans that were
of the same order of magnitude as those of the cell numbers
revealed by FISH, CARD-FISH, and Q-PCR for Bacteria as
well as the cell numbers obtained by MPN for Fe(II) oxidizers.
L. ferrooxidans was the only other microorganism which was

detected by FISH, and it was significantly less abundant, in
agreement with the Q-PCR data for this site.

DISCUSSION

Sulfide weathering in tailings. The microbial communities in
sulfidic mine waste tailings were comprehensively quantified by
molecular biological methods for the first time in this study. All
three investigated tailing dumps showed an intense coloniza-
tion by microorganisms. Depth profiles of cell numbers showed
that the compositions of the microbial communities are signif-
icantly different at the three sites and also varied greatly be-
tween zones of oxidized and unoxidized tailings.

Physical, geochemical, and mineralogical parameters of the
tailings, e.g., temperature, pH, oxygen diffusion, or mineral
reactivity, determine the composition of the microbial commu-
nities. Metal sulfide oxidation is the main energy-delivering
process for microorganisms in sulfidic mine tailings (4, 49);
thus, cell numbers are generally higher in the oxidized than in
the unoxidized tailings in this study. Previous studies of sulfidic
mine waste dumps showed that the microbial metal sulfide
oxidation activity correlates with cell numbers of acidophilic
Fe(II)-oxidizing microorganisms (16, 52, 53, 55). Microcalori-
metric measurements of the tailing samples used in this study
exhibited distinct differences in the potential pyrrhotite and
pyrite oxidation rates between the oxidized zones in Botswana
(17.5 �g pyrrhotite kg�1 tailings s�1) and in Sweden (0.9 �g
pyrite kg�1 tailings s�1). The distinctly lower oxidation rates in
Sweden were presumably caused by a lower temperature and,
based on the till cover, by a lower oxygen diffusion rate and less
water infiltration combined with a 20- to 100-times-less-reac-
tive main metal sulfide (pyrite) than that in Botswana (pyrrho-
tite) (26, 30, 55).

TABLE 1. Cell numbers of five selected samples from each mine tailing dump located in Botswana, Sweden, and Germany determined by
different quantification methodsa

Organism type Method

Cell no. (log n/g dry wt) for location, zone, and depth (m)

Selebi-Phikwe, Botswana
(oxidized zone)

Kristineberg, Sweden Freiberg, Germany
(oxidation zone)Oxidized zone Unoxidized

zone
(2.65 m)6.5 8.5 9.5 11.5 17.5 2.15 2.24 2.3 2.39 0.63 0.64 0.65 0.68 0.77

Total Sybr green 7.6 8.1 7.9 8.7 8.2 8.9 8.6 9.0 8.5 6.5 9.4 9.3 9.4 9.6 8.3
Bacteria Q-PCR 7.1 7.5 8.1 8.1 6.7 7.7 7.1 7.8 3.8 3.9 8.1 8.4 8.8 8.4 8.9

CARD-FISH 6.9 7.5 7.6 7.7 6.5 7.7 6.8 7.8 7.1 6.0 7.9 8.8 8.4 8.5 8.2
FISH 5.8 6.4 ND 6.3 5.1 ND 6.3 ND ND ND 8.1 8.9 8.4 8.6 8.4

Archaea Q-PCR ND ND ND ND ND 5.9 5.4 6.8 7.9 ND ND ND ND ND ND
Fe(II) oxidizers MPN 5.5 7.1 7.1 7.1 5.4 5.5 3.8 2.8 6.8 ND 8.8 8.8 9.2 8.8 8.8
S oxidizers MPN NM NM NM NM NM NM NM NM NM NM 6.8 6.2 6.5 7.8 7.8
Acidithiobacillus spp. Q-PCR 3.6 3.6 4.0 3.7 ND 5.8 3.8 5.7 6.5 ND 7.1 7.1 7.5 7.2 7.4

FISH ND 5.8 ND 5.8 ND ND ND ND ND ND 8.0 8.8 8.1 8.6 7.7
A. ferrooxidans FISH ND ND ND ND ND ND ND ND ND ND 7.7 8.8 8.4 8.5 7.4
A. caldus Q-PCR ND ND ND ND ND 4.2 3.6 ND 3.3 ND ND ND ND ND ND
Leptospirillum spp. Q-PCR ND ND ND ND ND 5.1 4.3 6.3 6.7 ND 5.8 4.5 5.4 ND 4.4
L. ferrooxidans FISH ND ND ND ND ND ND ND ND ND ND 5.9 ND 5.8 ND ND
Sulfobacillus spp. Q-PCR ND ND 4.6 ND ND 4.2 3.2 4.5 4.9 ND ND ND ND ND ND
Acidiphilium spp. FISH ND 5.3 ND 5.6 ND ND ND ND ND ND ND ND ND ND ND
Geobacteraceae Q-PCR ND 4.1 ND 5.1 4.1 5.0 ND ND ND ND ND ND ND ND ND
Sulfate reducers (dsr) Q-PCR ND 5.7 6.0 ND ND 6.6 5.6 ND 6.1 4.2 ND ND 6.1 5.1 ND

a Cell numbers were below detection limits for FISH and CARD-FISH for Archaea, FISH for Acidimicrobium and relatives, FISH for gram-positive Bacteria with
low G�C contents, and FISH for Sulfobacillus spp. in the investigated samples of all three sites. Conversion factors for calculating cell numbers from DNA copy
numbers and detection limits of the methods are given in Materials and Methods. NM, not measured; ND, not detected.
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In the tailing dump in Germany, microbial growth and the
formation of cemented layers were probably favored by the
temperate climate, the unremediated state of the dump, and
the relatively high content in the tailings of arsenopyrite, sphal-
erite and galena, which are more reactive than pyrite (21, 31).

Comparison of results for cultivation and different molecu-
lar biological methods. It was proven that the quantification
methods used here are applicable to mine tailings. The
fluorescent dye Sybr green II binds to all DNA of living and
dead cells and therefore provided the highest cell numbers
(total cell counts). The Q-PCR method quantifies amplifi-
able DNA presumably of living, and to some extent dead,
cells and mainly yielded somewhat lower cell numbers than
the total cell counts. Variation of Q-PCR cell numbers may
be explained either by DNA preservation and/or degrada-
tion or by variable 16S rRNA operon numbers and/or vari-
able genome copy numbers of distinct species (51). CARD-
FISH and FISH probes target quickly degradable rRNA
and, therefore, detect only living cells (44, 54). The bacterial
numbers determined by Q-PCR and CARD-FISH were of
the same order of magnitude for most of the samples, which

means that a very high proportion of the total cell numbers
in the tailings were alive.

In agreement with this interpretation, high MPNs of living
acidophilic, chemolithoautotrophic Fe(II) oxidizers were
found. The C-free medium used here at pH 3.5 provides cell
numbers comparable with those of the molecular methods,
which also detected the chemolithoautotrophic Fe(II) oxidiz-
ers Acidithiobacillus spp. and Leptospirillum spp. In the active
oxidation zone (0.63- to 0.85-m depth) in the tailing dump in
Germany, the MPNs were as high as the bacterial numbers
determined by Q-PCR, CARD-FISH, and FISH, which argues
for a high microbial activity and growing cells with a high
ribosome content. In the other two tailings, the bacterial FISH
numbers were lower (or below the detection limit) than the
bacterial CARD-FISH numbers; thus, the microbial activity
and the ribosome content of the Bacteria were lower, and only
the more-sensitive method CARD-FISH enabled quantifica-
tion of most cells. As a consequence, reliable FISH data for
tailings can be obtained only for zones of high microbial activ-
ity, whereas CARD-FISH, Q-PCR, and MPN are suitable for
tailings in general.

FIG. 3. FISH, CARD-FISH, and DAPI (4�,6�-diamidino-2-phenylindole) fluorescence images for a selected sample from the oxidation zone of
the sulfidic mine waste dump in Freiberg, Germany. (A and C) Weak FISH (A) and bright CARD-FISH (C) signals of cells detected with probes
EUB338 I to III specific for Bacteria. (B and D) Same microscopic fields as panels A and C, respectively, with UV excitation (DAPI staining).
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Quantification of microbial communities. At all the sites
investigated in this study, Bacteria dominated the microbial
community. Archaea and Eukarya were less abundant. The
autotrophic (or facultatively autotrophic) and acidophilic
Fe(II)- and S-oxidizing bacterial genera Acidithiobacillus, Lep-
tospirillum, and Sulfobacillus were detected by Q-PCR and
FISH analysis in different numbers in the three tailings. Acidi-
thiobacillus was detected at all three sites and overall domi-
nated over Leptospirillum and Sulfobacillus. Leptospirillum spp.
occurred in numbers similar to those of Acidithiobacillus spp.
only in Sweden, occurred in lower numbers in Germany, and
occurred not at all in Botswana. Sulfobacillus occurred in even
lower numbers than Leptospirillum in Sweden, occurred in only
a few samples in Botswana, and occurred not at all in Ger-
many. In contrast to these findings, Diaby et al. (13) reported
that Leptospirillum and Sulfobacillus relatives dominated over
Acidithiobacillus in a pyrite-containing porphyry copper tailing
impoundment in Chile based on terminal restriction fragment
length polymorphism analysis. This technique allows calcula-
tion of a relative abundance of species in a clone library but
cannot provide cell numbers of particular species, as was pos-
sible in this study. However, the results of this study and those
of Diaby et al. (13) clearly demonstrate that the composition of
the Fe(II)- and S-oxidizing bacterial community varies greatly
at the different tailing sites. It is not yet understood which
physical, chemical, and mineralogical parameters favor partic-
ular genera and species based on their physiological properties
in mine tailings.

Previous bioleaching and AMD studies revealed that pH,
redox potential, and Fe concentration control the composition
of the acidophilic Fe(II)- and S-oxidizing community. In bio-
leaching processes which operate at a pH of �2, a high redox
potential, and a high Fe(III) concentration, the Fe(II) oxidiz-
ers Leptospirillum spp. but not A. ferrooxidans has been shown
to be dominant (47, 48). At the Iron Mountain AMD site, the
dominance of Leptospirillum spp. over Acidithiobacillus spp.
was shown by FISH analysis of extremely acidic water of pH
�0.5 to 1.5 (6, 15, 56). Both genera occurred on average in
similar numbers in the Tinto River at a pH of �2.0 to 2.5 (20).
In less-acidic AMD with a pH of 2.7 to 3.7 from a mine in
Norway, A. ferrooxidans dominated over Leptospirillum spp.
(28), in agreement with this study of oxidized tailings with a
similar pH range of �3 to 4. As shown by culture studies, the
pH optimum for Leptospirillum spp. (1.3 to 3.0) is below that of
Acidithiobacillus spp. (2.0 to 4.0) (50), supporting the findings
of the ecological studies. Besides pH, redox potential, and Fe
concentration, the availability of oxygen and inorganic sulfur
compounds should be relevant. While Leptospirillum spp. are
obligate aerobic Fe(II) oxidizers, A. ferrooxidans and Sulfoba-
cillus spp. are more versatile and are able to oxidize Fe(II) and
sulfur compounds aerobically as well as to reduce Fe(III)
anaerobically (22, 50).

Quantifiable heterotrophic, facultative anaerobic Fe(III)-re-
ducing Bacteria belonging to the acidophilic genus Acidiphi-
lium and the neutrophilic Fe(III)-reducing family Geobacter-
aceae were detected in this study. Acidiphilium spp. were
detected in the tailing dump in Botswana and previously in
other sulfidic mine waste dumps (13, 52). The heterotrophic
genus is widely distributed in bioleaching and AMD environ-
ments and in the case of the species Acidiphilium acidophilum

is also able to oxidize inorganic sulfur compounds (22, 28, 50).
Differentstudies implicatesynergistic interactionsbetweenauto-
trophic and heterotrophic microorganisms by removing meta-
bolic by-products of the autotrophs within the community (1,
24, 45, 52). Geobacteraceae were present at all three sites of
this study. In other studies of sulfidic mine waste Geobacter-
aceae were detected by 16S rRNA gene sequence analysis (10)
and neutrophilic Fe(III)-reducing microorganisms were found
by cultivation techniques (52, 64). Microenvironments may
protect the anaerobic and presumably neutrophilic Bacteria
from acidity and oxygen (17, 52).

Sulfate-reducing Bacteria were quantified via their func-
tional gene dsr coding for dissimilatory sulfite reductase. So
far, other attempts to amplify the dsr gene in AMD sites with
extremely low pH and high iron concentrations have been
unsuccessful (1). Sulfate-reducing Bacteria, e.g., Desulfosarcina
spp. and Desulfotomaculum spp., were regularly detected in
sulfidic mine tailings (3, 7, 13, 17, 18, 64). These anaerobic and
presumably neutrophilic Bacteria might be protected by micro-
environments from acidity and oxygen, or they are able to
remove oxygen by active respiration (32).

The high abundance of Fe(II)- and S-oxidizing, as well as of
Fe(III)- and sulfate-reducing, Bacteria in the tailing dumps
studied here and elsewhere shows that biogeochemical Fe and
S cycling are predominant processes mediated by the activity of
Bacteria.

In contrast to the dominant Bacteria, Archaea were detected
only in low numbers in the oxidized zones of two tailings in this
study. Archaea were not detected at all in the tailing deposit in
Chile (13). The reason that Archaea do not predominate in
mine tailings is most likely that the described species relevant
for Fe and S cycling are extremophiles. Ferroplasma spp. are
often found in AMD and bioleaching operations at very acidic
conditions (pH of �2) and very high iron and sulfate concen-
trations (1, 12, 20, 50), conditions which usually do not prevail
in mine tailings. Extremely thermophilic Archaea (e.g., Sulfolo-
bus and Metallosphaera) have been found only at sites of high
temperatures in sulfidic waste rock dumps because of high
rates of pyrite oxidation (19, 52), but not yet in mine tailings.

For the first time, it is reported that the eukaryotic 18S
rRNA gene was quantified in sulfidic tailing dumps in this
study. The 18S rRNA gene occurred at all sites in lower copy
numbers than the 16S rRNA gene of Acidithiobacillus spp.,
except for the unoxidized tailings in Sweden. Up to this point,
only AMD sites such as the Rio Tinto and Iron Mountain sites
were investigated in this regard and Eukarya such as algae,
ciliates, flagellates, amoebae, and fungi were detected (1, 2,
66). To determine the impact of Eukarya on the microbial
community in sulfidic mine waste, further studies will be nec-
essary.

In conclusion, microorganisms occur in significantly different
numbers at different sulfidic mine waste tailing zones and sites.
Bacteria which are relevant for biogeochemical Fe and S cy-
cling dominate the microbial community. The molecular meth-
ods applied here have proven to be useful for the quantifica-
tion of microbial communities in sulfidic tailing dumps. These
methods should also be useful for the monitoring of bioleach-
ing processes such as heap or tank leaching.
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