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Acidithiobacillus ferrooxidans is one of the main acidophilic chemolithotrophic bacteria involved in the
bioleaching of metal sulfide ores. The bacterium-mineral interaction requires the development of biofilms,
whose formation is regulated in many microorganisms by type AI-1 quorum sensing. Here, we report the
existence and characterization of a functional type AI-1 quorum-sensing system in A. ferrooxidans. This
microorganism produced mainly acyl-homoserine lactones (AHL) with medium and large acyl chains and
different C-3 substitutions, including 3-hydroxy-C8-AHL, 3-hydroxy-C10-AHL, C12-AHL, 3-oxo-C12-AHL, 3-hy-
droxy-C12-AHL, C14-AHL, 3-oxo-C14-AHL, 3-hydroxy-C14-AHL, and 3-hydroxy-C16-AHL. A quorum-sensing
genetic locus that includes two open reading frames, afeI and afeR, which have opposite orientations and code
for proteins with high levels of similarity to members of the acyl synthase (I) and transcriptional regulator (R)
protein families, respectively, was identified. Overexpression of AfeI in Escherichia coli and the associated
synthesis of AHLs confirmed that AfeI is an AHL synthase. As determined by reverse transcription-PCR, the
afeI and afeR genes were transcribed in A. ferrooxidans. The transcription levels of the afeI gene were higher in
cells grown in sulfur and thiosulfate media than in iron-grown cells. Phosphate starvation induced an increase
in the transcription levels of afeI which correlated with an increase in AHL levels. Two afe boxes which could
correspond to the AfeR binding sites were identified upstream of the afeI gene. This is the first report of a
functional type AI-1 quorum-sensing system in an acidophilic chemolithotrophic microorganism, and our
results provide a very interesting opportunity to explore the control and regulation of biofilm formation during
the bioleaching process.

Quorum sensing (QS) is a widespread phenomenon that
enables bacterial cells to establish cell-cell communication and
to regulate the expression of specific genes in response to local
changes in cell density (6, 48, 49). QS provides the means to
coordinate the activities of cells so that they function as a
multicellular unit and communicate with eukaryotic hosts (6,
20, 48, 49). In gram-negative bacteria, depending on the auto-
inductor (AI) molecule, two QS processes have been de-
scribed: type AI-1, which is involved mainly in intraspecies
communication, and type AI-2, which is related to interspecies
communication (20, 49).

The type AI-1 QS regulatory system is composed of four
elements: (i) a transcriptional regulator (protein family R); (ii)
a cis-acting DNA palindromic sequence; (iii) an acyl-homo-
serine lactone (AHL), which is the signaling molecule or au-
toinducer (AI-1); and (iv) the AHL synthase protein (protein
family I), which synthesizes the AI (6, 20, 48, 49). It is currently
accepted that AI-1 diffuses freely between the cellular and
external environments and complexes with the R protein only
at a high cell density. The AHL-R complex binds through the
R carboxyl domain to the specific site which corresponds to a

palindromic sequence centered at about position �40 with
respect to the transcriptional start sites of the target genes (15,
48, 49).

Acidithiobacillus ferrooxidans is an acidophilic gram-negative
bacterium that is capable of oxidizing ferrous iron or reduced
sulfur compounds to obtain energy for growth. Its energetic
metabolism is directly involved in biomining processes. For this
reason, there is great interest in understanding the molecular
mechanisms of this peculiar physiological kind of life (34).
During bioleaching A. ferrooxidans adheres to solid substrates
by means of extracellular polymeric substances, such as exo- or
lipopolysaccharides (36). A. ferrooxidans is also able to develop
biofilm structures and exhibits morphological modifications
during the cellular adhesion process (7, 13, 22, 36). AHL-
mediated gene regulation has been shown to influence exopo-
lysaccharide production and biofilm formation in many pro-
teobacteria (12, 16, 21, 24, 49).

The purpose of the present work was to determine whether
A. ferrooxidans possesses a functional type AI-1 quorum-sens-
ing system. Different types of AHLs were found in the growth
medium of A. ferrooxidans cultures. An A. ferrooxidans quo-
rum-sensing locus was identified and designated afeIR. The
afeI and afeR genes were expressed in A. ferrooxidans, and it
was demonstrated that AfeI is an AHL synthase. Our results
suggest that there is functional type AI-1 quorum sensing in A.
ferrooxidans which could be part of a regulon controlling some
physiological functions, such as exopolysaccharide synthesis
and biofilm formation.
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MATERIALS AND METHODS

Bacterial strains and growth media. A. ferrooxidans ATCC 23270 was grown in
ferrous iron-containing modified 9K medium at pH 1.5 as described previously
(4), and organisms were grown on elemental sulfur at pH 2.5 with 5% (wt/vol)
sulfur prills (3, 4). A. ferrooxidans was grown on thiosulfate at pH 4.6 in DSMZ
medium 71 containing 20 mM thiosulfate as described previously (32). Esche-
richia coli strain BL21(DE3) and derivatives of this strain were grown in Luria-
Bertani (LB) medium (37).

Preparation of crude AHL extracts and LC-MS-MS analysis. The AHLs and
oxo-AHLs were extracted and characterized as described previously (29). Briefly,
after the bacterial cells were removed from the media of grown cultures by
centrifugation, the supernatants were extracted twice with 1 volume of high-
performance liquid chromatography (HPLC)-grade dichloromethane. The di-
chloromethane extracts were dried over anhydrous magnesium sulfate, filtered,
and evaporated to dryness. Residues were dissolved in 1 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) (29). The 3-hydroxy-AHLs were analyzed using the same protocol.
These compounds were identified by comparison with synthetic 3-hydroxy-AHLs
based on three criteria: the MS-MS fragmentation product ions ([M�H-H2O]�

and m/z 102), their relative intensities, and the HPLC retention times.
AHL bioassays. The different bioassay steps were performed as described

previously (39). A 250-�l portion of an overnight culture of the Agrobacterium
tumefaciens NTL4(pZLR4) AHL reporter strain grown in LB medium with
gentamicin was inoculated into AB minimal glucose medium (ABm) and grown
for 8 h at 30°C with shaking. The culture was then mixed with an equal volume
of 1.5% TOP agar containing 80 �g/ml 5-bromo-4-chloro-3-indolyl-�-D-galacto-
pyranoside (X-Gal), and the preparation was used as an overlay on ABm agar
plates. The dichloromethane extracts obtained from the A. ferrooxidans media
were spotted at the center of the overlaid ABm agar plates and incubated
overnight at 30°C.

Bioinformatic tools. The BLAST program (2) was used to search for open
reading frames (ORFs) encoding LuxR and LuxI homologs in the genome
sequence of A. ferrooxidans ATCC 23270. The search for afe boxes was done at
the Genomic and Bioinformatic Center, Catholic University of Chile (www.cgb
.cl). Palindromic sequences were detected in the intergenic region of the afeIR
locus by using the algorithm bl2seq from the BLAST software (41). Hidden
Markov models (HMM) were constructed with the results obtained by using the
HMMER v2.3.2 software (14). Hidden Markov models were compared with the
genome sequence to identify afe boxes.

For homology modeling and evaluation of AfeR and AfeI protein structures,
130 models were constructed for each protein with the MODELLER program
(28). The templates were chain C of the TraR structure of A. tumefaciens (PDB
ID no. 1L3L), determined by X-ray diffraction at 1.66-Å resolution, and the LasI
structure of Pseudomonas aeruginosa (PDB ID no. 1RO5), determined by X-ray
diffraction at 2.3-Å resolution (17, 44, 50). All models were evaluated using the
Verify-3D program (27). The models with the highest three-dimensional profile
scores were finally selected.

Cloning the afeI gene. The afeI gene was amplified from A. ferrooxidans
chromosomal DNA by PCR using the following primers: 5�-CATATGCAGGT
TATAACCGGGCCA-3� (5� end) and 5�-CGGTTAGTCCAGATCTATCCAG
C-3� (3� end). The 5� end primer included an NdeI restriction site (underlined).
The PCR was performed by using 3 min at 95°C, followed by 30 cycles of 30 s at
95°C, 30 s at 56°C, and 40 s at 72°C and finally 3 min at 72°C. The PCR fragment
was purified from agarose gels with Wizard PCR Preps from Promega and
cloned in pCRT7-NT-TOPO (Invitrogen) according to the manufacturer’s rec-
ommendations. The different plasmid constructions were checked by automatic
DNA sequencing at the Biotechnology Center of the Faculty of Sciences, Uni-
versity of Chile.

RNA manipulations. A ferrooxidans ATCC 23270 total RNA was prepared
from thiosulfate-, iron- or sulfur-grown cells by a modified hot-phenol method as
described previously (19, 45). Primer extension was performed with the Super-
script II RNase H reverse transcriptase (Invitrogen) by using 15 �g of total RNA
and the AfeIRT2 primer (5�-GGAAAGATCTCGCCCAACAG-3�) labeled with
[�- 32P]ATP. The sequencing reaction was performed with the fmoI DNA cycle
sequencing system as described by Promega.

The following synthetic oligonucleotides were used in reverse transcription
(RT)-PCR assays for the reverse transcription step: 5�-CGGTTAGTCCAGAT
CTATCCAGC-3�, 5�-CGATCACGACAGCAACCCGAGCA-3�, and 5�-GATG
TTGCTTCGTGGGAATC-3� for the afeI, afeR, and orf3 genes, respectively. For
PCRs, the following primers were used: for afeI, 5�-CATATGCAGGTTATAA
CCGGGCCA-3� and 5�-CGGTTAGTCCAGATCTATCCAGC-3�; for afeR, 5�-

CATATGGCGTCCGAAATGGCGCGT-3� and 5�-AGGTCAACATGCCGCC
CATC-3�; and for orf3, 5�-CGGACAAAAGATGCACCAGA-3� and 5�-GGTA
GCCTGTTCTTATCCGA-3�. The RT step was carried out with 1 �g of DNase
I-treated total RNA. PCRs were done using 3 �l and 5 �l of the afeI and afeR
RT reaction mixtures, respectively. The following program was used to perform
the PCRs: an initial denaturation step of 95°C for 3 min; 40 cycles of 30 s at 95°C,
30 s at 60°C, and 30 s at 72°C; and a final extension step of 72°C for 3 min. For
each RT-PCR experiment, a control RT reaction without reverse transcriptase
was carried out to check for the absence of genomic DNA contamination in the
RNA preparations used. RT-PCR products were checked by electrophoresis in
a 1% agarose gel in 0.5� Tris-acetate-EDTA buffer.

Macroarray analysis. Macroarray production was performed manually by us-
ing the colony copier VP381 (V&P Scientific). The PCR products were printed
onto Inmobilon-NY� membranes (Millipore). The different steps for expression
analysis were performed as described previously (1). The afeI and afeR genes
were amplified with the following oligonucleotide pairs: 5�-CATATGCAGGTT
ATAACCGGGCCA-3� and 5�-CGGTTAGTCCAGATCTATCCAGC-3� for
the afeI gene and 5�-CATATGGCGTCCGAAATGGCGCGT-3� and 5�-CGAT
CACGACAGCAACCCGAGCA-3� for the afeR gene. Exposed Phosphorz-
Imager screens were scanned with a PhosphorImager (Molecular Imager FX
Systems, Bio-Rad) at a resolution of 50 �m/pixel. To normalize and quantify the
results, we used a “spiked” RNA (exp-1 of Prunus persica) as an internal control
for the labeling reaction and hybridization steps.

Nucleotide sequence accession number. The nucleotide sequence of the afeIR
locus has been deposited in the EMBL database under accession number no.
AJ879454.

RESULTS AND DISCUSSION

Characterization of AHLs produced by A. ferrooxidans. Ex-
tracts obtained from the media of grown cultures were ana-
lyzed with a bioassay in solid medium using the following two
reporter strains: A. tumefaciens NTL4(pZLR4), which is spe-
cific for AHLs having medium and long acyl chains; and Chro-
mobacterium violaceum CV026, which is specific for AHLs
having short acyl chains and is inhibited by long-chain AHLs.
No positive results were obtained with C. violaceum, while the
bioassays with NTL4(pZLR4) revealed the characteristic for-
mation of a blue halo (not shown). This screening procedure
showed that A. ferrooxidans produces AHLs with medium
and/or long acyl chains. To determine precisely the chemical
structure of the AHLs synthesized, the extracts were analyzed
by LC-MS-MS.

The dichloromethane extracts obtained from A. ferrooxidans
grown in different media contained AHLs with diverse C-3
substitutions and only even numbers of carbons in the acyl
chain. 3-Hydroxy-C10-, 3-hydroxy-C12-, 3-hydroxy-C14-, and
3-hydroxy-C16-AHLs were present in iron-grown cells; C12-,
C14-, 3-oxo-C12-, 3-oxo-C14-, 3-hydroxy-C8, 3-hydroxy-C10-,
3-hydroxy-C12-, 3-hydroxy-C14-, and 3-hydroxy-C16-AHLs were
present in sulfur-grown cells; and C12-, C14-, 3-oxo-C12, 3-oxo-
C14-, 3-hydroxy-C8-, 3-hydroxy-C10-, 3-hydroxy-C12-, 3-hy-
droxy-C14-, and 3-hydroxy-C16-AHLs were present in thiosul-
fate-grown cells (Table 1). In our experimental conditions, A.
ferrooxidans was able to produce nine different kinds of AHLs
which included all the known types of C-3 substitutions (oxo
and hydroxyl), and all of them had medium or long acyl chains
with an even number of carbons. For the five types of 3-hy-
droxy-AHL and independent of the medium, the large acyl
chains with 12 or 14 carbons were the predominant forms.

To determine whether some of these AHLs were produced
in a cell density-dependent manner, as the quorum sensing
paradigm requires, the presence of these compounds was an-
alyzed in the three media obtained from A. ferrooxidans cul-
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tures in the early exponential and early stationary growth
phases. Of the nine AHLs synthesized in A. ferrooxidans grown
in sulfur medium, only two (C12-AHL and C14-AHL) showed
a detectable increase in the early stationary phase (Fig. 1,
inset). Similar results were obtained with C12-AHL and 3-hy-
droxy-C8-, C10-, and C12-AHLs in thiosulfate medium (results
not shown). On the other hand, in iron medium, the 3-hydroxy-
AHL levels appeared to be low and constant (result not
shown).

It is commonly accepted that AHL synthases can synthesize
more than one type of AHL. Some Rhizobium spp. produce
high numbers of AHLs by using AHL synthase-encoding genes
located in the bacterial chromosome and/or plasmids (16). On
the other hand, the AHL synthase SinI from Sinorhizobium
meliloti Rm1021 is able to synthesize five different kinds of
AHLs which involve different types of C-3 substitutions, a
monounsaturated acyl chain, and the largest characterized acyl
chain (C18) (16).

Family I proteins catalyze the synthesis of AHLs from both
substrates, S-adenosylmethionine (SAM) and acylated acyl
carrier protein (acyl-ACP). In addition to the putative struc-
tural specificity of each AHL synthase, the capacity to synthe-
size different kinds of AHLs has been associated with the
available pool of acyl-ACP substrates in each microorganism
(47). Recently, for Erwinia sp., it has been postulated that
growth conditions could also affect the acyl-ACP availability
(8). This could explain why C12- and C14-AHLs and oxo-C12-
and oxo-C14-AHLs were produced only in sulfur- and thiosul-
fate-grown cells. However, the way in which the energy source
(iron versus sulfur or thiosulfate) could affect the nature of the
AHLs is still unknown, since no information relating external
acidic pH, energy metabolism, and cell wall metabolism is
currently available for A. ferrooxidans. Therefore, the nature of
the pool of acyl-ACPs in A. ferrooxidans is unknown. Our
results are the first results to suggest that hydroxy-acyl-ACPs
with medium and large acyl chains are present in A. ferrooxi-
dans irrespective of the energy source. With regard to the
second precursor, little is known about sulfur metabolism and
the related pool of SAM in bacteria living under extreme
conditions, such as acid pH. Recently, it was suggested that A.
ferrooxidans could regulate sulfur assimilation in a manner
comparable to the manner described for other bacteria (43).
Since the first step in sulfur assimilation corresponds to sulfate
uptake, the pool of SAM in A. ferrooxidans should depend on
sulfate availability. Sulfate is present at high concentrations in

all the different media used to grow A. ferrooxidans, and it
cannot be assumed that sulfate is a limiting factor. Therefore,
AHL synthesis could not be affected under the three growth
conditions that we employed.

Identification and characterization of AfeI, a LuxI homolog.
Some bacteria possess various loci involved in AHL synthesis
(16, 20, 49). On the other hand, three AHL synthase families
have been characterized (16). To determine how many loci for
AHL production were present in the genomic sequence of A.
ferrooxidans ATCC 23270, a search for ORFs encoding AHL
synthases was performed. The amino acid sequences of LuxI
(accession no. AAA27552) and AinS (AAP33508) from Vibrio
fischeri and HdtS (AAG30826) from Pseudomonas fluorescens,
which belong to the known AHL synthase families 1, 2, and 3,
respectively (16), were used as queries in the tblastn search.

Orthologs were found only for AHL synthases belonging to
families 1 and 3. The first gene coded for a putative protein
with 53% similarity to HdtS, the first identified member of the
third AHL synthase family. In P. fluorescens, HdtS directs the
synthesis of three AHLs, C6-AHL, C10-AHL, and N-(3-hy-
droxy-7-cis-C14)-AHL (25).

The second gene coded for a protein that is 64% similar to
protein BveI from Burkholderia cepacia, a member of the LuxI
family. The deduced protein of A. ferrooxidans was designated
AfeI, and it had 183 amino acids, a molecular mass of 19.9
kDa, and a theoretical isoelectric point of 5.77. Based on the
recently solved structure of the LasI protein of P. aeruginosa
(17), we constructed an AfeI model structure (Fig. 2). Our
modeling approach took advantage of the higher level of sim-
ilarity between AfeI and LasI (56%) (Fig. 2A). The amino acid
sequence of AfeI revealed the presence of a threonine residue
(Fig. 2A) which is involved in the oxo-C3 substitution in the
AHLs synthesized by LuxI, EsaI, and LasI of V. fischeri, Pan-
tonea stewwartii subsp. stewartii, and P. aeruginosa, respectively

FIG. 1. Production of acyl-AHLs by A. ferrooxidans cells grown in
sulfur. The correlation between growth phase and AHL amount was
analyzed. AHLs were extracted from the culture medium with dichlo-
romethane during the early exponential (S1) and stationary (S2)
phases. The relative quantities of the large-acyl-chain AHLs produced
are shown in the inset.

TABLE 1. Identification of the different AHLs produced
by A. ferrooxidansa

a C8, ROCH3(CH2)4; C10, ROCH3(CH2 )6; C12, ROCH3(2)8; C14, ROCH3
(CH2)12; ND, not detected; T, trace.

VOL. 71, 2005 QUORUM SENSING IN A. FERROOXIDANS 7035



(47). In agreement with this, we also characterized oxo-AHLs
in the growth media of A. ferrooxidans. The highest three-
dimensional profile score yielded an AfeI structure model with
high structural similarity to the LasI structure (Fig. 2B).

To confirm that the afeI gene product was an AHL synthase,
afeI was overexpressed in an E. coli strain which does not
produce AHLs. The afeI gene was cloned in plasmid pCRT7-
NT-TOPO and transformed into the E. coli BL21(DE3) strain.
The recombinant strain was induced with 0.4 M isopropyl-�-
D-thiogalactopyranoside (IPTG) for 1 h, and the media of the
induced bacteria were extracted with dichloromethane and
analyzed by LS-MS-MS (Fig. 3). C12-AHL and C14-AHL (Fig.
3A) and five different hydroxy-AHLs (C8, C10, C12, C14, and
C16) (Fig. 3B) were characterized, while in the control E. coli
strain carrying the same vector without the insert no AHLs
were found (results not shown). The more abundant hydroxy-
AHLs were C10, C12, and C14, in agreement with the results
obtained for A. ferrooxidans cells. This result definitively con-
firmed that AfeI is an AHL synthase able to synthesize AHLs
and hydroxy-AHLs with large acyl chains (including C16), de-
pending on the available pool of acyl-ACPs. No other homo-
serine lactone synthase-encoding gene (except the htdS-like
gene, whose function in the quorum-sensing pathway is still
unknown) was identified in the available genome sequence of
A. ferrooxidans. In S. meliloti, the AHL synthase SinI is respon-
sible for the synthesis of a series of long-chain AHLs ranging in
size from C12-AHL to C18-AHL, including some oxo-AHLs
and a monounsaturated AHL (16). Therefore, we concluded

that AfeI could be responsible for the synthesis of various
long-chain AHLs in A. ferrooxidans.

Organization and transcription of the afeI-afeR locus. At a
position 746 bp downstream of the afeI gene and in the oppo-
site orientation, we found an ORF which exhibited 59% sim-
ilarity to BviR, an R protein family member from B. cepacia.
The deduced protein was designated AfeR and had 214 amino
acids, a molecular mass of 23.7 kDa, and an isoelectric point of
9.89. Despite the low level of amino acid identity with TraR
(less than 25%), we constructed a protein structure model for
AfeR, which was very similar to the TraR structure (results not
shown). The high level of structural similarity between the two
proteins strongly suggests that AfeR is a transcriptional regu-
lator of the R protein family, and, most likely, it acts in a
dimeric form by recognizing lux-type boxes. A third ORF des-
ignated orf3 was identified in the afeIR intergenic region. orf3
had the same orientation as afeI, and it coded for a protein
with 51% similarity to a hypothetical protein from B. cepacia
R18194. The corresponding genes (afeI, orf3, and afeR) formed
the A. ferrooxidans quorum-sensing locus (afeIR) shown in Fig.
4A. Despite the fact that A. ferrooxidans is a �-proteobacte-
rium, higher similarity scores for AfeI and AfeR (69% and
66%, respectively) were obtained with the genomic data for
other members of the Burkholderiaceae belonging to the �-pro-
teobacterial subdivision. This is in agreement with the idea of
coevolution and acquisition of the IR regulatory cassettes by
horizontal transmission (18).

Intergenic sequence analysis of the afeIR locus revealed two

FIG. 2. Structure modeling of AfeI. (A) LasI and AfeI amino acid sequence alignment used for homology modeling. Boldface type indicates
the most conserved region in the two proteins. Identical residues are indicated by asterisks, and similar residues are indicated by colons. A residue
involved in oxo substitution (47) is indicated by a gray box. (B) AfeI modeled structure (right) based on LasI solved structure (left).
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palindromic sequences, PS1 and PS2 (Fig. 4A). PS2 was lo-
cated 36 bp upstream of orf3 and 168 bp from afeR, and its
function is unknown. The analysis of the PS1 sequence re-
vealed a hierarchical organization (Fig. 4B). Each arm of the
30-bp palindromic sequence could be subdivided into two iden-
tical palindromic sequences whose sizes (15 bp) were similar to
that of the known lux box. The nucleotide sequences of the two
afe boxes were identical except for the three central bases (Fig.
4B), suggesting that these bases are not essential for AfeR
binding but could play a role as a physical spacer for the
binding of the dimeric form of AfeR. In the 3� end of each afe
box, a purine base was conserved. In addition, each afe box
could be sufficient to bind a dimeric form of AfeR, as sug-
gested by the modeling of the (AfeR)2-afe box complex based
on the (TraR-AHL)2-DNA structure data (not shown). We
designated these boxes afe box 1 and afe box 2 (Fig. 4B) since
they could correspond to the typical type AI-1 QS regulator
binding sites located close to a putative �35 transcriptional site
and could play roles similar to those of lux and tra boxes (15,
48).

To study if the afeIR locus was functional in A. ferrooxidans,
gene expression was analyzed by RT-PCR. Total RNA was
prepared from planktonic cells of A. ferrooxidans grown in
thiosulfate medium. The results clearly showed that afeI, orf3,
and afeR were expressed in A. ferrooxidans (Fig. 4C). Never-
theless, in our experimental conditions orf3 and afeI were not
cotranscribed.

As the AHLs produced in the presence of iron, sulfur, or
thiosulfate were different (Table 1), we analyzed the transcrip-
tion levels of the afeI gene in the different media in DNA
macroarray experiments. The afeI transcription levels in thio-
sulfate and sulfur media were similar. Compared to iron-grown
cells, transcription of the afeI gene was increased 19- and
18-fold in sulfur- and thiosulfate-grown cells, respectively (Ta-
ble 2). In iron medium, the transcription level was very low.
This could explain the lack of detection of C12- and C14-AHLs

and oxo-C12- and oxo-C14-AHLs (Table 1). Interestingly, the
increase in the transcription levels of the afeI gene was not
related to the transcription levels of afeR since the expression
of this gene did not change when iron- and sulfur-grown cells
were compared (results not shown).

To highlight the afe box function, the 5� end of the afeI gene
transcript was determined by primer extension analysis with
RNA samples prepared from A. ferrooxidans cells grown in
thiosulfate as the energy source. Two transcriptional initiation
sites were determined with oligonucleotide AfeIRT2 (Fig. 4D).
The first site had a double transcription initiation site (G and
A), while the second site had a single transcription initiation
site (A) (Fig. 4B). The two transcription initiation sites were
located 17 or 18 bp and 28 bp, respectively, upstream of the
translational start codon of afeI (Fig. 4B). An E. coli �70-type
promoter (5�-TTGTCA-16 bp-TAGATT-3�) was identified
and correctly positioned upstream of the second transcription
initiation sites (Fig. 2B). As observed for the lux and tra boxes,
afe box 1 overlapped the �35 transcriptional region deter-
mined (Fig. 4B).

Based on the lux box-tra box models, we decided to investi-
gate the presence of the afe boxes (Fig. 4B) in the entire
genome sequence of the ATCC 23270 strain. By using hidden
Markov models constructed with the HMMER v2.3.2 software
(14), we characterized various putative afe boxes (not shown).
However, our results are preliminary results which only suggest
the existence of a quorum-sensing regulon in A. ferrooxidans.
Proteomic and transcriptomic studies like those performed
with other bacteria (P. aeruginosa, B. cepacia H111, and S.
meliloti) should help demonstrate the existence of a QS regu-
lon in A. ferrooxidans (5, 10, 30, 35, 38, 46).

Phosphate starvation activates transcription of afeI. Differ-
ent results have revealed that type AI-1 QS influences exopo-
lysaccharide production and biofilm formation in many pro-
teobacteria (16, 21, 24, 49), and phosphate and polyphosphate
metabolism has been linked to biofilm formation and the quo-

FIG. 3. Characterization of the AHLs produced by AfeI in E. coli carrying the afeI gene. E. coli transformed with plasmid pCRT7-NT-TOPO
with the afeI gene was grown in LB medium. After the cells were removed, the growth medium was extracted with dichloromethane, and the
presence of AHLs was analyzed by LS-MS-MS. The different MS-MS spectra of the selected ion m/z 102, which is specific for the lactone ring of
the homoserine lactone, are shown. AHLs (A) and hydroxy-AHLs (B) were characterized. The large amounts of hydroxy-C10, hyrodxy-C12-, and
hydroxy-C14-AHLs (B) made it necessary to present this spectrum with two different intensity scales (106 for the common size and 104 for the inset).
The designation of each AHL and the different elution times are indicated in each spectrum.
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rum-sensing regulatory pathway (26, 33, 40). On the other
hand, in Serratia sp. strain ATCC 390006, mutation of the pstS
gene, which belongs to the Pho regulon and whose product is
part of a high-affinity phosphate transporter, mimicked phos-
phate limitation and caused a three- to fourfold increase in
transcription of the AHL synthase-encoding gene (smaI) of
Serratia type AI-I QS (40).

During bioleaching A. ferrooxidans adheres to solid sub-

strates by means of extracellular polymeric substances, such as
exo- or lipopolysaccharides, and develops biofilm structures
during the cellular adhesion process (7, 13, 22, 36). Previous
immunological results have demonstrated that the amounts of
lipopolysaccharides which are part of the polysaccharide ma-
trix involved in ore colonization are increased in phosphate-
starved A. ferrooxidans cells (3), and a pho regulon has been
described in A. ferrooxidans (45). Therefore, the effect of phos-
phate starvation on the transcription of the afeI gene was
investigated by using a DNA macroarray analysis.

Transcription of the afeI gene was increased 20-fold when A.
ferrooxidans cells were cultured in a low-phosphate medium
(�Pi medium; Pi concentration, 0.22 mM) compared to a high-
phosphate medium (�Pi medium; Pi concentration, 22 mM)
(Table 3). The overexpression of the afeI gene in phosphate-
starved cells was directly correlated with increases in the C12-
AHL, C14-AHL, and hydroxy-AHL levels (Table 3). These
results are in agreement with those obtained with the smaI
gene of Serratia sp. (40). Therefore, the AfeIR quorum-sensing

FIG. 4. Quorum-sensing genetic locus of A. ferrooxidans. (A) Schematic map of the quorum-sensing locus of A. ferrooxidans composed of three
genes: afeR encoding the transcriptional regulator, afeI encoding the AHLs synthase, and orf3 having an unknown function. Two palindromic
sequences (PS1 and PS2) were located (solid boxes). (B) Nucleotide sequence of the putative afe boxes. The large palindromic sequence (PS1) was
conformed by a 32-bp palindromic sequence (large arrows) which was built over internal, hierarchical and smaller palindromic sequences (small
arrows) called afe box 1 and afe box 2. The box at the 3� end indicates the translational start codon for afeI. �1 indicates the transcriptional
initiation sites identified; overlining indicates the E. coli �70-type promoter; and asterisks indicate the purine base transition at the 3� ends of the
afe boxes. (C) Transcription analysis of the quorum-sensing genetic locus by RT-PCR analysis. RT reactions were carried out with 1 �g of total
RNA from thiosulfate-grown A. ferrooxidans cells and were performed with (�) and without (�) the Moloney murine leukemia virus reverse
transcriptase in order to exclude amplification due to genomic DNA contamination. RT-PCR products were analyzed by 1% agarose gel
electrophoresis. (D) Determination of transcriptional initiation sites for the afeI gene by a primer extension experiment. The relevant DNA
sequence (complementary to the sequence shown in panel B between nucleotides 8 and 27) is shown on the right, and the positions of the possible
start sites are indicated by solid dots.

TABLE 2. Effect of the energy source on the transcription levels of
the afeI gene

a Relative intensity.
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system appears to be modulated by Pi availability. Slater et al.
(40) suggested that the expression of smaI could be enhanced
through the two-component regulatory system PhoR-PhoB. In
A. tumefaciens phosphate-starved cells, biofilm formation is
positively affected through the PhoR-PhoB regulatory pathway
(11). Nevertheless, how these different regulatory levels are
related and affect biofilm formation in A. ferrooxidans is still an
open question.

Recently, preliminary evidence for the occurrence of homo-
serine lactone signal production in archaea has been reported
(31). Some biomining microorganisms, such as Ferroplasma
type II and Lepotspirillum ferrooxidans type II, are also able to
form a natural and mixed acidophilic biofilm (42). Therefore,
the existence of an AHL communication system in A. ferrooxi-
dans and its impact on the biofilm structure and abundance of
bacteria and archaea in biomining microbial communities are
very relevant.

Obviously, further studies with A. ferrooxidans are necessary
(i) to determine if AfeR is a positive transcriptional regulator
or negative transcriptional regulator or both, as in the case of
AhyR of Aeromonas hydrophila (23), (ii) to understand the
biological significance of both afe boxes upstream of the afeI
gene, (iii) to understand the role of the product of the orf3
gene, and (iv) to identify all the genes which form the quorum-
sensing regulon. Since no genetic transfer techniques are cur-
rently available for A. ferrooxidans, strategies using afeI mu-
tants or any kind of gene cloning are not possible. However,
the use of proteomic and transcriptomic analyses of mimicked
null mutants obtained with quorum-sensing inhibitors (9)
should be a successful global approach for identification of all
the components of the quorum-sensing regulon in A. ferrooxi-
dans.
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