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Biofilm development plays a pivotal role in the bioleaching process. Quorum sensing (QS) is recognized as
one of the main regulatory ways of extracellular polymeric substances (EPS) production and biofilm
formation in bacteria. Previous works revealed that Acidithiobacillus ferrooxidans ATCC 23270 strain
possesses a functional QS type AI-1 system. However, there is neither available data concerning the presence
of a QS system in other A. ferrooxidans strains nor any other biomining bacterial species. Thus, in this work,
different strains of A. ferrooxidans (ATCC 19859, ATCC 1927, ATCC 33020, DSMZ 583, DSMZ 9464), Aci-
dithiobacillus thiooxidans (DSMZ 504, DSMZ 9463, DSMZ 11478) and Leptospirillum ferrooxidans (DSMZ 2391,
DSMZ 2705) were screened for their ability to produce QS-signaling molecules [acyl-homoserine lactone
(AHLs)]. Thin-layer chromatography (TLC) analysis revealed that all the A. ferrooxidans and A. thiooxidans
strains produced AHL-signaling molecules while both tested L. ferrooxidans strains did not. Nevertheless, by
using bioinformatic tools to screen the genome sequence of a Leptospirillum sp. type III belonging to an AMD
biofilm, a QS type AI-1 locus in which the structural organization is different from that of A. ferrooxidans has
been identified. The effect of synthetic AHLs and AHL-analogues on attachment of A. ferrooxidans ATCC 23270
to pyrite was analyzed. Interestingly, preliminary results suggested that some of these molecules change the
rate and extent of bacterial attachment to pyrite. The production of AHLs by A. ferrooxidans and A. thiooxidans
strains, the identification of a QS type AI-1 locus in Leptospirillum sp. type III and the impact of AHLs and AHL-
analogues on the pyrite adhesion of A. ferrooxidans cells open new perspectives for the (bio)mining industry
to eventually improve bioleaching process and control the acid mine drainage (AMD) contamination.

© 2008 Elsevier B.V. All rights reserved.

1. Introduction

The attachment and adhesion of acidophilic bacteria to the sulfidic
energy source and the subsequent biofilm formation are prerequisites
for mineral dissolution in natural environments and industrial opera-
tions. Therefore, a thorough understanding of the molecular mechan-
isms involved in the control and regulation of biofilm formation would
be of great importance to control the bioleaching process from the
biomining industry and the acid mine drainage (AMD) damages.

Biofilm formation is a complex process that can be regulated at
different levels through diverse mechanisms. The most studied
mechanism that controls biofilm development is quorum sensing
(QS) signaling (Waters and Bassler, 2005). QS is a cell-to-cell signaling

system that functions by means of diffusible autoinducer (AI) signal
molecules that allow the regulation of cellular processes in a manner
that depends on the density of the microbial population.

Recently, a functional QS system type AI-1 involving two divergent
genes afeI and afeR has been identified in the acidophilic bacterium
Acidithiobacillus ferrooxidans (Farah et al., 2005; Rivas et al., 2005).
Overexpression of the protein AfeI in Escherichia coli and the
characterization of associated synthesis of AHLs demonstrated that
AfeI is an AHL synthase (Farah et al., 2005). A. ferrooxidans produces
AHLswith acyl chainswhose length oscillates between8 and 16 carbons
and presents substitutions of the type oxo- and hydroxyl- in C-3 (3-
hydroxy-C8-AHL, 3-hydroxy-C10-AHL, C12-AHL, 3-oxo-C12-AHL, 3-
hydroxy-C12-AHL, C14-AHL, 3-oxo-C14-AHL, 3-hydroxy-C14-AHL, and
3-hydroxy-C16-AHL). The AHLhydroxy substitutionwas independent of
the nature of the culture medium whereas the keto substitution was
displayed only in cells grown on sulfur and thiosulfate. Besides, the
transcription of afeI gene is higher in sulfur- and thiosulfate-grown cells
with respect to iron-grown cells and appears to be related to phosphate
metabolism (Farah et al., 2005). Based on this experimental background,

Hydrometallurgy 94 (2008) 133–137

⁎ Corresponding author. Unidad de Comunicación Bacteriana, Laboratorio de
Microbiología Molecular y Biotecnología, Departamento de Biología, Instituto de
Dinámica Celular y Biotecnología, Facultad de Ciencias, Universidad de Chile, Santiago,
Chile. Tel.: +56 978 7241.

E-mail address: nguilian@uchile.cl (N. Guiliani).

0304-386X/$ – see front matter © 2008 Elsevier B.V. All rights reserved.
doi:10.1016/j.hydromet.2008.05.028

Contents lists available at ScienceDirect

Hydrometallurgy

j ourna l homepage: www.e lsev ie r.com/ locate /hydromet

mailto:nguilian@uchile.cl
http://dx.doi.org/10.1016/j.hydromet.2008.05.028
http://www.sciencedirect.com/science/journal/0304386X


different authors suggested that the QS system type AI-1 could regulate
biofilm formation in A. ferrooxidans (Farah et al., 2005; Rivas et al., 2005;
Valenzuela et al., 2006; Valenzuela et al., 2007).

This work attempts to examine if the quorum sensing type AI-1
system identified in A. ferrooxidans ATCC 23270 is a widespread
phenomenon in A. ferrooxidans species and other biomining bacteria.
Knowledge of the molecular mechanisms that regulate biofilm
formation in biomining bacteria such as A. ferrooxidans is limited.
Therefore, the involvement of the AHL-signaling molecules in the
attachment of the type strain A. ferrooxidans ATCC 23270 to mineral
surfaces was examined. Since marker exchange mutagenesis for the
construction of QS mutants in A. ferrooxidans is still very difficult to
carry out, we decided to use different synthetic AHLs and AHL-
analogues that have been evaluated as potential inhibitors and/or
activators of QS in other microorganisms (Castang et al., 2004; Geske
et al., 2005; Frezza et al., 2006).

2. Materials and methods

2.1. Bacteria

The following strains of biomining bacteria obtained from culture
collections were used: (i) six strains of A. ferrooxidans ATCC 23270
type strain, ATCC 19859, ATCC 1927, ATCC 33020, DSMZ 583, DSMZ
9464; (ii) three strains of Acidithiobacillus thiooxidans DSMZ 504,
DSMZ 9463, DSMZ 11478; two strains of Leptospirillum ferrooxidans
DSMZ 2391, DSMZ 2705.

2.2. Growth media and culture conditions

A. ferrooxidans strains were grown in ferrous iron-containing mo-
dified 9K medium at pH 1.5 as described previously, and growth on
elemental sulfur was done at pH 2.5 with 5% (wt/v) sulfur prills (Amaro
et al., 1991). Growth of A. ferrooxidans strains in thiosulfate was done at
pH 4.6 in DSMZ medium 71 containing 20 mM thiosulfate as described
before (Ramírez et al., 2004). A. thiooxidans and L. ferrooxidans strains
were grown on their corresponding DSMZ medium.

2.3. Southern analysis

Genomic DNAs were obtained by using the Wizard Genomic DNA
Purification Kit for Gram-negative bacteria, as described by Promega.
5 μg of purified genomic DNA was digested by EcoRI and HindIII
restriction enzymes (New England Biolabs) at 37 °C during 4 h. After
separation of the restriction enzyme-digested DNA fragments by
electrophoresis, they were denatured and transferred to a positively
charged nylon membrane (Immobilon-NY+; Millipore) by the semi-
dry capillary method (Sambrook and Russel, 1989). 32P labelled-afeI
probe was obtained by using the NEBlot kit (New England Biolabs)
according to the manufacturer's recommendations. Prehybridizations
and hybridizations were accomplished as described by Sambrook and
Russel (1989). 32P-signal detection was carried out by using the
PhosphoImager (Molecular Imager FX; Biorad).

2.4. AHL-signaling molecules determination

Extracts for analytical thin-layer chromatography (TLC) and LC–MS–
MS were prepared from 600-ml cultures. Bacteria were removed by
centrifugation and the supernatant was extracted twice with equal
volumes of dichloromethane (DCM) as describedpreviously (Farah et al.,
2005). Extracts were then dried over anhydrous magnesium sulfate,
filtered, and evaporated to dryness.

For TLC plate analysis, dried samples were dissolved in 30–60 μl of
HPLC-grade ethyl acetate. Samples (20–40 μl) were spotted onto C18
reversed-phase TLC plates (Merck) along with a set of standards and
developed with methanol/water (60:40; vol/vol). After development,

the TLC plates were air-dried and AHL-signaling molecules were
detected by using as a bioreporter Agrobacterium tumefaciens NTL4
(pZLR4) as described previously (Shaw et al., 1997). Briefly, 250 μl of an
overnight culture of A. tumefaciens NTL4(pZLR4) AHL reporter strain
grown in 25-ml LB mediumwith gentamicin 25 μg/ml was inoculated
in AB minimal glucose medium (ABm) and grown during 8 h at 30 °C
with shaking. The culture was then mixed with an equal volume of
1.5% TOP agar containing 80 μg/ml 5-bromo-4chloro-3-indolyl-β-D-
galactopyranoside (X-gal), and the preparation was spread over the
surface of developed TLC plates. Overlaid TLC plates were incubated
overnight at 30 °C in a closed plastic container. Production of AHL is
visualized by the development of a blue color.

For LC–MS–MS analysis, residues were dissolved in 0.5 ml of HPLC-
grade acetonitrile and analyzed by using reverse-phase liquid
chromatography coupled with positive-ion electrospray ionization
and ion trap mass spectrometry (LC–MS–MS) (Morin et al., 2003). In
the case of 3-hydroxy-AHLs, their identification was done by
comparison with synthetic 3-hydroxy-AHLs based on three criteria:
MS-MS fragmentation product ions ([M+H–H2O]+ and m/z 102), their
relative intensities and HPLC retention times.

2.5. Attachment assay

This assaywas carried out onlywith the type strain ofA. ferrooxidans,
ATCC 23270. It is based on the reduction of the number of planktonic
cells in the solution due to the attachment of the bacteria to a mineral
sulfidesubstratum(Gehrkeet al.,1998;Harneit et al., 2006). Pyrite (FeS2)
(Suior mine in Baia Mare, Romania) was the substratum used for the
attachment assay. Ground FeS2 was wet sieved to a grain size of 50–
100 μm (Test sieves, Retsch, Germany). To remove ferric iron, the FeS2
was boiled in 6NHClwith stirring for 1 h. Then, theHClwas removed by
washing extensively with distilled H2O. Next, sulfur compounds were
extracted from the FeS2 by washing twice with acetone. Finally, FeS2
aliquotswere put under vacuumand gassedwithnitrogen and sterilized
at 115 °C for 48 h (Schippers and Sand, 1999). For the attachment assay,
5×109 cells were incubated with 20% (w/v) FeS2 in a final volume of 50-
ml mineral salt solution in 100-ml Erlenmeyer flask. A. ferrooxidans
ATCC 23270 grown in FeSO4 medium was harvested in the late
exponential growth phase. Harvesting was performed by cross flow
filtration (Hemoflow F60S, Fresenius, Germany) or centrifugation for
20min at6000 ×g, at 10 °Cand the cells thusobtainedwere resuspended
in 50 ml of mineral salts solution. Then, cell concentration was
determined using a Thoma counting chamber (depth 0.02mm, smallest
square area 0.0025mm2). Subsequently, cell concentrationwas adjusted
at 1×108 cells per ml. Next, this cell suspension was distributed among
100-ml Erlenmeyer flasks. Bacteria harvested by centrifugation were
supplemented with 0.2 g of ferric iron l−1 and kept overnight at 17 °C to
regenerate their EPS. Afterwards, AHLs or AHL-analogues were added
and themixwas incubated for 1hat30 °C, at 180 rpm. Subsequently,10 g
of FeS2was added to each Erlenmeyerflask containing the assaymixture
and agitated on a benchtop shaker (Type TR, Infors HT, Switzerland) at
120 rpm and room temperature for 8 h. Samples (1 ml) of the culture
supernatant were taken at specific time intervals and the cell
concentration was determined using a Thoma counting chamber. Cell
counting was done with a light microscope (Zeiss) in phase contrast
mode with 400-fold magnification.

3. Results

3.1. Quorum sensing type AI-1 system and biomining bacteria

In previous experiments, we reported that A. ferrooxidans type
strain possesses a functional QS type AI-1 system and is able to
produce nine different kinds of AHL-signaling molecules (Farah et al.,
2005). To examine if the QS type AI-1 system is a widespread
phenomenon in biomining bacteria, we analyzed if other strains of A.
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