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The acid waters (pH 2.7 to 3.4) originating from the Carnoulès mine tailings contain high concentrations of
dissolved arsenic (80 to 350 mg · liter�1), iron (750 to 2,700 mg · liter�1), and sulfate (2,000 to 7,500 mg ·
liter�1). During the first 30 m of downflow in Reigous creek issuing from the mine tailings, 20 to 60% of the
dissolved arsenic is removed by coprecipitation with Fe(III). The microbial communities along the creek have
been characterized using terminal-restriction fragment length polymorphism (T-RFLP) and 16S rRNA gene
library analyses. The results indicate a low bacterial diversity in comparison with unpolluted water. Eighty
percent of the sequences obtained are related to sequences from uncultured, newly described organisms or
recently associated with acid mine drainage. As expected owing to the water chemistry, the sequences recovered
are mainly related to bacteria involved in the geochemical Fe and S cycles. Among them, sequences related to
uncultured TrefC4 affiliated with Gallionella ferruginea, a neutrophilic Fe-oxidizing bacterium, are dominant.
The description of the bacterial community structure and its dynamics lead to a better understanding of the
natural remediation processes occurring at this site.

The processing of sulfide-rich ores in the recovery of base
metals, such as copper, lead, zinc, and gold, has produced large
quantities of pyrite wastes (20). When exposed to rain, this
material generates acid mine drainage (AMD) which contains
large amounts of sulfate, iron, arsenic, and heavy metals. De-
spite their toxicity, such waters host organisms, both pro-
karyotes and eukaryotes, which are able to cope with the pol-
lution (2, 33). Some of them have the capacity to modify the
physicochemical conditions of the water either by detoxifica-
tion or by metabolic exploitation. For example, efficient oxida-
tion of As by bacteria has been reported in AMD or in chem-
ically somewhat similar waters like those from hot springs (3, 7,
21, 25, 30). Because of their elevated Fe concentration, the
development of iron-oxidizing bacteria is favored in AMD (16)
where Acidithiobacillus ferrooxidans and Leptospirillum fer-
rooxidans are often observed (2).

Owing to its ability to oxidize Fe, the bacterial consortium in
AMD plays a major role in the immobilization of the elements
that exhibit a strong affinity for solid Fe oxide phases such as
Sr, Cs, Pb, U (14), and As (8, 24). In addition, the ability of
several bacterial strains in AMD to oxidize As further contrib-
utes to reduction of its toxicity in water, because As(III) is
considered to be more toxic than As(V) (28) and because
arsenate adsorbs more strongly than arsenite to Fe(III) oxides
and hydroxides at acidic pH (5, 26).

Owing to their tolerance of heavy metals and the ability of
some to promote transformations that make some metals less

toxic, bacteria in acid mine waters may be useful in AMD
bioremediation or that of some other industrial effluents. In
order to develop remediation processes or optimize them, fur-
ther knowledge of the bacteria living in the extreme environ-
ment of AMD is required.

This study aims to investigate the microbial community of a
small creek (the Reigous, present at Carnoulès, France). The
Carnoulès mine (Fig. 1) has been inactive since 1962. Its ex-
ploitation has left about 1.5 megatons of tailings containing
0.7% Pb, 10% FeS2, and 0.2% As. The tailings are contained
behind a dam. Water percolating through the tailings emerges
at the base of the dam, forming the head of the Reigous creek.
The head waters of the creek are characterized by low pH (2.7
to 3.4) and high concentrations of As (100 to 350 mg · liter�1),
Fe (750 to 2,700 mg · liter�1), and SO4

2� (2,000 to 7,500 mg ·
liter�1).

The As and Fe behavior in creek water has been intensively
studied (8, 22, 23, 24). As(III) is the dominant As type, whereas
Fe occurs as Fe(II). Along the first 30 m of the creek (about 1 h
of residence time), the bacterially mediated oxidation of Fe(II)
leads to the coprecipitation of 20 to 60% of the dissolved As.
The precipitate which contains up to 22% of As is mainly
composed of As(III)-Fe(III) oxy-hydroxide in the wet season
while As(V)-Fe(III) oxy-hydroxide compounds predominate in
the dry season. Several phenotypes of Acidithiobacillus ferrooxi-
dans have been isolated, and their role in the oxidation of
Fe(II) and the coprecipitation of As has been demonstrated in
laboratory experiments (8, 11). Additionally, Bruneel et al. (7)
isolated at this site three different strains of Thiomonas spp.
closely related to Thiomonas sp. strain Ynys1 able to promote
As oxidation in laboratory conditions.

The present study combines terminal-restriction fragment
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length polymorphism (T-RFLP) analysis in order to investigate
the dynamics of the bacterial communities and 16S rRNA gene
library analysis to identify the dominant bacterial group.

MATERIALS AND METHODS

Sampling procedure and physicochemical determinations in situ. Water sam-
ples for molecular analysis of microbial populations were collected in October
2002 and January 2003 in the spring and at two other locations in the creek over
a distance of 30 m (Fig. 1). A volume of 200 ml of water was filtered through a
sterile 0.22-�m nucleopore filter. These filters were then transferred to a tube,
frozen in liquid nitrogen, and stored at �20°C until further analysis.

DNA isolation. Genomic DNA was extracted from filtered water using the
UltraClean Soil DNA Isolation kit according to the recommendation of the
manufacturer (MoBio Laboratories, Inc.). All extracted genomic DNA samples
were stored at �20°C until further processing.

T-RFLP analysis. Primers 8F (5�-AGAGTTTGATCCTGGCTCAG-3�) and
1489R (5�-TACCTTGTTACGACTTCA-3�) (19, 31) were used for T-RFLP
analysis to assess the bacterial community structures. Forward (8F) and reverse
(1489R) primers were fluorescently labeled with tetrachlorofluorescein phos-
phoramidite and hexachlorofluorescein phosphoramidite (E.S.G.S. Cybergene
Group), respectively. The PCR amplification mixture contained 12.5 �l Hot Start
Taq polymerase master mix (QIAGEN), 0.5 �l of each primer (20 �M), and 10
ng of DNA template. A final volume of 50 �l was adjusted with distilled water.
16S rRNA gene amplification reactions were cycled in a PTC200 thermocycler
(MJ Research) with a hot start step at 94°C for 15 min followed by 35 cycles of
94°C for 1 min, 52°C for 1.5 min, and 72°C for 1 min, with a final extension step
at 72°C for 10 min. The amount of PCR product was determined by comparison
to known concentrations by the “dots method” (Smartlader; Eurogentec) after
migration on agarose gel. PCR products were purified with the GFX PCR DNA
purification kit (Amersham-Pharmacia).

Purified PCR products (600 to 700 ng) were digested with 12 U of enzyme
HaeIII or HinfI (New England Biolabs). The lengths of terminal-restriction
fragments (T-RFs) from the digested PCR products were determined by capil-
lary electrophoresis on an ABI prism 310 (Applied Biosystems). About 50 ng of
the digested DNA from each sample was mixed with 10 �l of deionized form-
amide and 0.25 �l of 6-carboxytetramethylrhodamine size standard, denatured at
94°C for 2 min, and immediately chilled on ice prior to electrophoresis. After an
injection step of 10 s, electrophoresis was carried out for up to 30 min, applying
a voltage of 15 kV. T-RFLP profiles were performed using GeneScan software
(ABI).

Dominant operational taxonomic units represent T-RFs whose fluorescence
was higher than 100 fluorescence units for at least one sample. Predictive diges-
tions were made on the RDP web site (http://rdp.cme.msu.edu/html/index.html)
using the T-RFLP Analysis Program.

Cloning and restriction analysis. To further characterize the bacterial popu-
lations inhabiting the creek in each sampling period and sampling point, the
bacterial diversity was analyzed by cloning PCR amplified 16S rRNA genes. For
S1 and COWG, libraries were constructed for each sampling period. For COWA,
a library was constructed only for October, since the comparison between Oc-
tober and January T-RFLP profiles showed mainly a disappearance of T-RFs in
January. Bacterial 16S rRNA genes were amplified with unlabeled 8F and 1489R
primers. These PCR products were cloned in Escherichia coli TOP10 using the
pCR2.1 Topo TA cloning kit (Invitrogen, Inc.). Cloned 16S rRNA gene frag-
ments were amplified using the primers TOP1 (5�-GTGTGCTGGAATTCGCC
CTT-3�) and TOP2 (5�-TATCTGCAGAATTCGCCCTT-3�), located on the vec-
tor and surrounding the inserted PCR fragment, and then were digested with the
enzyme HaeIII or HinfI. Restriction profiles were analyzed using 2.5% agarose
gel electrophoresis (small-fragment resolution agarose; QA agarose; QBiogène,
Inc.). Sixty clones from each library were analyzed and grouped according to
their RFLP patterns (HaeIII and HinfI digestion). Only sequences from domi-
nant groups were determined

16S rRNA gene sequencing. Partial sequences of the 16S rRNA gene (from 8
to 336 according to E. coli numbering) were determined by the dideoxy nucle-
otide chain termination method using a BigDye cycle sequencing kit (Applied
Biosystems) on an ABI PRISM 310 Genetic analyzer (Applied Biosystems).
DNA sequence analyses were performed via the infobiogen server (http://www
.infobiogen.fr) by using the FASTA, BLAST, ALIGNN, and CLUSTALW pro-
grams (1, 13, 29). Phylogenetic trees were constructed by using the PHYLIP
computer package (13). The confidence level of the phylogenetic tree topology
was evaluated by performing 100 bootstrap replications with the SEQBOOK
program.

RESULTS

Bacterial community structures. The results of the T-RFLP
analysis of bacterial community structure are presented in Fig.
2. The average T-RF number was relatively small (about 10)
both in October and January, reflecting low bacterial diversity.
The bacterial population characterized by a 216-bp (� 2 bp)
T-RF was generally the most abundant, except at station S1 in
October. Abundance of this 216-bp T-RF generally increased
between October and January, except at station COWG, where
the variations were minor.

Composition of bacterial communities. The most represen-
tative sequences of the dominant clones are summarized in
Table 1, and the phylogenetic analysis of all the obtained
sequences are presented in Fig. 3 to 5.

The most abundant sequence types are positioned within the
beta subdivision of the Proteobacteria (Table 1). They were
recovered at all stations during both sampling periods, ac-
counting for 5 to 28% of the clones in October and more than
65% in January. Numerous clone sequences of this group dis-
played around 95% homology with a sequence isolated from
an acid- and iron-rich stream in the United Kingdom (Gen-
Bank accession no. AY766002) (unpublished data). The phy-
logenetic analyses (Fig. 3) did not allow affiliation of the clone
sequences with any representative of the subdivision. The clos-

FIG. 1. Map of the Carnoulès mining site and location of sampling
stations. Sampling stations were Reigous spring (S1), 3 m downstream
of the spring (COWA), and 30 m downstream of the spring (COWG).
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FIG. 2. Seasonal comparison of bacterial community T-RFLP fingerprints from the AMD of Carnoulès, France, in October and January samples.

FIG. 3. Phylogenetic analysis of 16S rRNA gene sequences affiliated with the Gallionella division from the AMD of Carnoulès, France. Clone
names in boldface correspond to sequences found in October (Oct) and January (Jan) within the three stations along the Reigous Creek, S1,
COWA, and COWG.
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est relative (91%) is Gallionella ferruginea, a neutrophilic iron-
oxidizing bacterium.

The sequences representing the second-most abundant type
are positioned within the delta subdivision of the Proteobacte-
ria (Table 1, Fig. 4). These sequences were more abundant in
October, representing 10, 8, and 5% of the clones at S1,
COWA, and COWG, respectively, than in January, with 5 and
1% at S1 and COWG. In October, all the clones were similar
(more than 90% similarity) to clones found in an AMD at Iron
Mountain (4). In contrast, the clones of January were similar
(94% similarity) to those found in a forested wetland impacted
by sulfate-rich waters from coal piles (6). As for the main
sequence, the phylogenetic analyses did not allow the affilia-

FIG. 4. Phylogenetic analysis of 16S rRNA gene sequences affili-
ated with the Desulfobacterium division from the AMD of Carnoulès,
France. Clone names in boldface correspond to sequences found in
October (Oct) and January (Jan) within the three stations along the
Reigous Creek, S1, COWA, and COWG.
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tion of the clone sequences with any representative of the
subdivision. The closest relative was Desulfobacterium indoli-
cum, a sulfate-reducing bacterium (18). For the clone from
COWG in January that was phylogenetically distant from the
others (Fig. 4), the closest relative is Desulfomonile tiedjei, a
sulfate-reducing bacterium (12).

The next most abundant sequence types, representing 8% of
the clones at S1 in October and 4% at COWG in January
(Table 1), were firmly positioned in the Acidithiobacillus fer-
rooxidans group (Fig. 5). Three sequences are related (99%
similarity) to uncultured A. ferrooxidans KF/GS-JG36-22 (27)
isolated in waste piles of a uranium mine, and one sequence
was related to A. ferrooxidans DSM 2392 (Fig. 5).

The next group, representing 8% of the clones at S1 in
October, was associated with the Actinobacteria group, with
94% similarity with sequences recovered in forested wetland
exposed to coal effluent (6). The phylogenetic analysis could
not affiliate the sequence with any isolated bacterium (data not
shown).

The last sequence found, detected only in January at
COWG, representing 5% of the clones, was firmly positioned
in the Thiobacillus group with 91% similarity with T. plum-
bophilus DSM 6690. These strains were isolated from a ura-
nium mine, and they grew by oxidation of H2S, galena (PbS),
and H2 (10).

Finally, sequences closely related to 16S rRNA genes from a
chloroplast of Euglena spp. were also detected (data not
shown). This was not surprising, since the 16S rRNA gene of
chloroplasts is closely related to the bacterial 16S rRNA gene
and therefore can be amplified by primers 8F and 1489R.
Moreover, this is consistent with previous work indicating that
these organisms are able to accumulate and oxidize As in the
cell (9).

DISCUSSION

In the Reigous creek, the low bacterial diversity as revealed
by molecular-based methods is consistent with the results of
Baker and Banfield (2) in a similar environment. This may
reflect the limited number of different electron donors and
acceptors available in AMD and the toxicity of heavy metals
and low pH.

Numerous sequences in the libraries are related to se-
quences previously found in AMD, indicating that the clone
libraries were not contaminated. Nevertheless, 80% of the
sequences could not be closely related to cultured organisms,
suggesting that they may constitute new taxa. As long as the
bacterial strains were not isolated, their physiological role in
the creek ecology will remain uncertain.

Both molecular methods revealed that the dominant popu-
lation (216-bp [�2 bp] T-RF) can be related to Gallionella
ferruginea sequences, as indicated by predictive digestion (217
bp) and 16S rRNA gene library analyses. Gallionella ferruginea
is a neutrophilic bacterium that oxidizes Fe. It has been shown
to efficiently remove Fe, As(III), and As(V) in water (17). It is
possible that an acid-tolerant relative of this bacterium has the
ability to oxidize iron under acid pH conditions. In the creek,
the abundance of this population was much more significant in
January (more than 65%) than in October (less than 30%).
Such variations are consistent with the occurrence of higher Fe
and As precipitation rates in the rainy seasons than in other
seasons, as reported by Casiot et al. (8). In addition to the
Gallionella ferruginea sequences, the library analyses show the
presence of other uncultured bacterial groups related to the Fe
cycle, such as the Actinobacteria group. Members of this group,
previously reported in AMD, are iron-oxidizing, heterotrophic,

FIG. 5. Phylogenetic analysis of 16S rRNA gene sequences affili-
ated with the Acidithiobacillus division from the AMD of Carnoulès,
France. Clone names in boldface correspond to sequences found in
October (Oct) and January (Jan) within the three stations along the
Reigous Creek, S1, COWA, and COWG. Strains in boldface (CC1, B5,
B4, and B9) represent the bacteria isolated in the Carnoulès Creek.
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acidophilic bacteria capable of autotrophic growth. Some of
them may play a synergistic role, removing organic carbon (4).
Finally, A. ferrooxidans constituted a minor group in the Fe-
oxidizing bacterial population contrary to expectations from
previous findings based on isolation and culturing techniques
(8).

With respect to bacteria involved in S cycling, the sequences
recovered, in addition to A. ferrooxidans, are related to mem-
bers of the Desulfobacterium genera, which contains sulfate-
reducing bacteria (18). As the water of the Carnoulès creek is
fully oxygenated, the presence of bacteria from this group,
which is characterized by anaerobic respiration, may be sur-
prising. Nevertheless, this is in agreement with several studies
that have recently reported sulfate- and iron-reducing bacteria
under acidic conditions (15, 32).

Considering the small population, sequence analyses indi-
cate the presence of bacteria from the � subdivision of the
Proteobacteria affiliated with the Thiobacillus group. A member
of this group was recently described as a galena and hydrogen
oxidizer (11). A Thiomonas sp., which has been isolated and
shown to be very active in the oxidation of As (7), was not
detected by molecular techniques, probably reflecting its low
abundance.

Analyses of the most abundant clones strongly indicate that
further efforts have to be exerted to fully understand AMD
systems. They include isolation and identification of the organ-
isms represented by these clones in order to define their eco-
physiological roles.
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