Extremophiles (2014) 18:385-398
DOI 10.1007/s00792-013-0624-7

ORIGINAL PAPER

Microbial diversity in Los Azufres geothermal field (Michoacan,
Mexico) and isolation of representative sulfate and sulfur reducers

Elcia M. S. Brito - Norberto Villegas-Negrete - Irene A. Sotelo-Gonzalez - César A. Caretta -
Marisol Goiii-Urriza - Claire Gassie * Florence Hakil - Yannick Colin - Robert Duran -
Felix Gutiérrez-Corona - Hilda A. Pifion-Castillo - German Cuevas-Rodriguez - Olaf Malm -
Jodao P. M. Torres - Anne Fahy - Georgina E. Reyna-Lopez - Rémy Guyoneaud

Received: 17 February 2013/ Accepted: 29 December 2013 /Published online: 21 January 2014

© Springer Japan 2014

Abstract Los Azufres spa consists of a hydrothermal
spring system in the Mexican Volcanic Axis. Five samples
(two microbial mats, two mud pools and one cenote water),
characterized by high acidity (pH between 1 and 3) and
temperatures varying from 27 to 87 °C, were investigated
for their microbial diversity by Terminal-Restriction
Fragment Length Polymorphism (T-RFLP) and 16S rRNA
gene library analyses. These data are the first to describe
microbial diversity from Los Azufres geothermal belt. The
data obtained from both approaches suggested a low bac-
terial diversity in all five samples. Despite their proximity,
the sampling points differed by their physico-chemical
conditions (mainly temperature and matrix type) and thus
exhibited different dominant bacterial populations:
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anoxygenic phototrophs related to the genus Rhodobacter
in the biomats, colorless sulfur oxidizers Acidithiobacillus
sp. in the warm mud and water samples, and Lyzobacter
sp.-related populations in the hot mud sample (87 °C).
Molecular data also allowed the detection of sulfate and
sulfur reducers related to Thermodesulfobium and Desul-
furella genera. Several strains affiliated to both genera were
enriched or isolated from the mesophilic mud sample. A
feature common to all samples was the dominance of
bacteria involved in sulfur and iron biogeochemical cycles
(Rhodobacter, Acidithiobacillus, Thiomonas, Desulfurella
and Thermodesulfobium genera).
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AB1 and AB2 Los Azufres microbial mat samples
(27 and 35 °C, respectively)

AW Los Azufres water sample (36 °C at the
surface)

AZLFE3 Isolated strain from AM?2 sample,
related to Desulfurella kamchatkensis

Introduction

Los Azufres geothermal field, located 250 km west of
Mexico City in the state of Michoacdn, is a Pleistocene
silicic volcanic area situated 3000 m above the sea level
(Aguilar et al. 1987). It is part of the Mexican Volcanic
Belt, which crosses Mexico from East to West. This geo-
thermal field is covered by a dense conifer forest, and is
part of a national natural reserve. It comprises many natural
hydrothermal springs, fumaroles and boiling mud pools, all
naturally highly mineralized (Birkle and Merkle 2000).

The roles of microorganisms in geothermal sediments
and deposits have been studied in several sites throughout
the world (Walter et al. 1972; Schultze-Lam et al. 1995;
Jones and Renaut 1996, 1997; Jones et al. 2000; Guidry
and Chafetz 2002; Tobler et al. 2008), some of these
studies based on isolated strains (Brock et al. 1972;
Hugenholtz et al. 1998; Huber et al. 1998; Santos et al.
2007; Hamilton-Brehm et al. 2010). Microbial diversity
has been extensively investigated in some sites like the
Yellowstone National Park in USA. (Barns et al. 1994,
Clingenpeel et al. 2011), some hot springs in Japan (Ina-
gaki et al. 1997), the Great Artesian Basin in Australia
(Kimura et al. 2005), the Rupi Basin in Bulgaria (Tomova
et al. 2010) or the Uzon volcano in Kamchatka Peninsula,
Russia (Gumerov et al. 2011). Of special interest here are
the investigations on the links between physico-chemical
conditions and microbial diversity and activity in geo-
thermal sites (Blank et al. 2002; Hetzer et al. 2007; Gomez-
Alvarez et al. 2007; Hall et al. 2008; Sayeh et al. 2010;
Tobler and Benning 2011; Yang et al. 2012; Huang et al.
2011). However, few studies have investigated mud pools
from these sites and no data are available on Los Azufres
geothermal field.

Undoubtedly, Yellowstone National Park has been the
most extensively studied site, and its wide variety of geo-
chemical conditions is reflected in the composition of its
microbial communities, the most famous one related to
Thermus aquaticus (Brock and Freeze 1969). Many
microorganisms involved in the sulfur and iron cycles have
been detected in such environments. The presence of aci-
dophilic  sulfur-oxidizing autotrophic microorganisms
(such as Thiobacillus thiooxidans and Sulfolobus spp.) has
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been demonstrated in solfatara soils (Fliermans and Brock
1972; Brock et al. 1972), and a thermophilic sulfate reducer
from Obsidian Pool, Thermodesulforhabdus norvegica, has
been described (Hugenholtz et al. 1998).

Most of the scientific studies of Los Azufres geothermal
field and the Mexican Volcanic Belt in general concerned
the geology, and few explored the microbial diversity as a
whole. Microorganisms inducing corrosion in the con-
denser of a geothermal electric power unit were observed
in Los Azufres (Torres-Sanchez et al. 1996), and Castorena
et al. (2006) detected Desulfotomaculum, Desulfovibrio,
Thermodesulfobacterium and Burkholderia populations
within pitting corrosion. Investigating this environment
could expand our knowledge of microbial diversity in
extreme ecosystems, and may contribute to biotechnolog-
ical applications. Microorganisms inhabiting such ecosys-
tems can potentially be a source of novel biocatalysts
(Griining et al. 2009), and new remediation bioprocesses
for acidic wastes such as acid mine drainage (Johnson and
Hallberg 2005) could be developed using the metabolic
capacities of populations from such environments. Among
them, sulfate and sulfur reducers are promising candidates
(Kaksonen and Puhakka 2007). The present work aims to
investigate the microbial diversity from different sampling
sites at Los Azufres spa, using T-RFLP and 16S rRNA gene
library analyses. These data are discussed from the point of
view of bioprospection (Brito et al. 2007), with a special
interest for sulfidogenic microorganisms and their potential
biotechnological application for metal removal.

Materials and methods
Sampling sites and procedure

Five samples from the spa resort Los Azufres
(19°46'51.7"N and 100°39'23.6"W), located within Los
Azufres geochemical field (Fig. 1), were analyzed. Two
mud samples were collected: AM1, taken directly from the
main geyser and characterized by a temperature of 87 °C,
and AM2, collected 10 m downstream (west) at a tem-
perature of 37 °C (see Fig. 2a, b, respectively). Two bi-
omat samples, AB1 and AB2, were collected on the eastern
shore of Los Azufres’s mud lake: AB1 formed a thin white
microbial mat (27 °C, Fig. 2d), while AB2 (35 °C) was a
red gelatinous mat floating at the surface (Fig. 2e, f). The
fifth sample (AW) was taken from the water of a cenote
(36 °C at the surface), which is the only one of the five
sites isolated from human contact (Fig. 2c). These five
samples were taken as representatives of five typical eco-
logical niches within this geothermal site, varying in terms
of temperature and matrix (mud, mat, water). Mud and
biomat samples were collected in sterile plastic tubes. For
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Fig. 1 Location of Los Azufres
geothermal field (black circle)
(19°46'51.7"N and
100°39'23.6"W) and map of the
sampling area. Solid lines
represent the tectonic zone
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AW, 2 L of water was filtered (0.2 um sterile filters) and
the filters were stored for further analysis. Samples for
molecular and chemical analyses were stored at —20 °C,
those for microbial enrichments at +4 °C. Mud and water
samples (collected in 2008) were processed in the EEM
IPREM5254—University of Pau (France), while biomat
samples (collected in 2009) were processed in the IA—
University of Guanajuato (Mexico). Chemical analyses of
all samples were performed in the IBCCF—Federal Uni-
versity of Rio de Janeiro (Brazil).

Physical and chemical characterization

pH, conductivity, temperature and dissolved oxygen were
measured on site (Conductronic PC18 pH meter, J.T.
Baker® and sensionion 6, Hach®). Metal contents were
determined for AM1 mud sample collected in September
2008 and for biomat samples collected in September 2009.
Unfortunately, metal content analyses were not done for
AM?2 and AW samples. The samples were lyophilized,
crushed and prepared as described by Malm et al. (1989),
briefly by digesting them with concentrated HNO5 and HF1
(Merck P.A.), for 18 h at 120 °C and, after, by evaporating
the digested and adding 10 mL of 0.1 N HCI. They were
analyzed using a Varian spectrophotometer (AA240FS,
Fast Sequential Atomic Absorption Spectrometer, USA).
Hg analysis was performed by cold vapor atomic absorp-
tion spectrometry with a Flow Injection Mercury System
400, Perkin Elmer USA (Bastos et al. 1998). Analytical
grade reagents were used. Blanks were run throughout the
analyses to check for any contamination. Triplicate

S:M:DEL/SUR -

measurements were done for each heavy metal determi-
nation. The detection limits are as follows: 0.0001 for Hg,
0.262 for Zn, 0.560 for Mn, 0.010 for Cr, 0.003 for Ni,
0.216 for Pb, 0.005 for Cu, 0.002 for Cd, and 0.017 for Fe
(all in mg kg™ "). Detection limits were calculated using the
formula: (3 x Sy)/X, where S, is the standard deviation of
6 measurements of the blank and X, is the mean of the
angular coefficient of the calibration curve (Silva and Al-
ves 20006).

DNA extraction

DNA was extracted using a protocol adapted from Tsai and
Olson (1991). After crushing in liquid N,, 1 g of sample
was mixed with 400 pL Tris—Glucose-EDTA solution
containing lysozyme (final concentration 1 mg mL™") and
achromopeptidase (final concentration 1500 U mL™"), and
incubated at 37 °C for 10 min. Two pL of proteinase K
(20 mg mL™") and 20 pL of 10 % sodium dodecyl sulfate
(SDS) was added followed by incubation for 30 min at
37 °C. A further 20 pL. 10 % SDS was added and incu-
bation prolonged for 10 min at 60 °C. After this cellular
lysis, a deproteinization step was performed with organic
solvents (phenol, phenol-chloroform, chloroform-isoamyl
alcohol: 24/24/1 v/v) (Ogram et al. 1987). DNA precipi-
tation was carried out by adding 10 % volume of sodium
acetate (3 M, pH 5.2) and 2 volumes of 95 % ethanol,
followed by overnight incubation at —20 °C. After cen-
trifugation (14000g, 30 min) and washing in 70 % ethanol,
the DNA was re-suspended in sterile Milli-Q® water and
incubated with 1 uL. RNAse (1 mg mL™") at 37 °C for
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Fig. 2 Photographs of the sampling points: a hyperthermal mud AM1, b mesothermal mud AM2, ¢ cenote AW, d white biomat AB1, e floating

red biomat AB2, and f detail of AB2

30 min. DNA quality was verified by electrophoresis in a
1 % agarose gel in Tris-Acetate—EDTA buffer. DNA
solutions were stored at —20 °C until further analysis.

PCR amplification of 16S rRNA gene sequences,
T-RFLP and 16S rRNA gene libraries analyses

The 16S rRNA gene was amplified using primers 8F
(5-AGAGTTTGATCCTGGCTCAG-3'; Lane 1991) and
907R (5'-GCCCCCGTCAATTCMTTTRAGTTT-3’; Lane
et al. 1985) according to Paissé et al. (2008) in a PTC 200
Thermo-cycler (MJ research). The PCR products were
purified using GFX PCR DNA purification kit (Amersham)
following manufacturer’s instructions.

@ Springer

For T-RFLP analysis the 16S rRNA gene amplification
was performed using a carboxifluorescein-labeled (FAM)
8F primer and an unlabeled 907R primer. The purified PCR
products were digested with 3 U of restriction enzyme
Haelll or HinP11 at 37 °C for 3 h. Approximately 50 ng of
digested DNA was mixed with 20 pL of deionized form-
amide and 0.5 pL of TAMRA® ladder (Applied Biosys-
tem®, USA) and denatured (94 °C for 5 min and chilled on
ice). The length of the terminal restriction fragments (T-
RFs) was determined by capillary electrophoresis on an
ABI prism 310 (Applied Biosystem®, USA) according
Brito et al. (2006). The T-RFLP profiles were analyzed
using GeneScan Software (Applied Biosystem®, USA).
Data sets were normalized and T-RFs representing <1 % of
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total fluorescence were removed (Hewson and Fuhrman
2006). Statistical analyses were carried out with MVSP
software (Multi-Variate Statistical Package 3.1, Kovach
Computing Services, UK).

Clone libraries were obtained with unlabeled PCR pro-
ducts using pCR2.1 TOPO® TA cloning kit (Invitrogen,
Inc.). The cloned 16S rRNA gene fragments were amplified
by PCR using universal M13 primers and sequencing was
carried out by Research and Advanced Studies Center of
the National Polytechnic Institute (CINVESTAV-Irapuato,
Mexico) or GATC Biotech Company (Germany). The
sequences obtained were checked for chimeras and com-
pared to those in the database of The National Center for
Biotechnology Information (NCBI) website.

(http://www.ncbi.nlm.nih.gov) using BLAST. The
cloned sequences, together with reference sequences, were
aligned with the ClustalW program and phylogenetic trees
were obtained with the Mega software using the neighbor-
joining method. The confidence of the phylogenetic trees
was assessed by bootstrap using 1000 resampling. The
sequences determined in this study have been submitted to
EMBL database and assigned accession numbers
HF677518 to HF677569.

A population census of species using the 16S rRNA
gene, or other molecular marker, provides limited infor-
mation on the presence or absence of species in an envi-
ronmental sample; a more robust approach includes
statistical analyses that account both for species richness
and phylogeny (Schloss and Handelsman 2005; Gomez-
Alvarez et al. 2007). A population or operational taxo-
nomic unit (OTU) was defined as a group of sequences
with similarity >97 %. We used coverage values (C) to
estimate the sampling depth of our 16S rRNA libraries
(Good 1953; Chao and Lee 1992): C = 1(n;/N), where n; is
the number of OTUs in a library and N is the total number
of sequences in this library.

Cloned sequences were digested in silico with Haelll
and HinP1I to generate virtual T-RFs which were subse-
quently compared to actual T-RFLP data. This procedure is
described in detail by Caretta and Brito (2011). Briefly,
aligned sequences (including the primer) are searched by a
computer program to find the restriction site of an enzyme.
At the first appearance of this restriction site, the program
calculates the length of the T-RF in nucleotides. These in
silico T-RFs and their distribution can be directly com-
pared to actual T-RFLP results, providing additional sup-
port when assigning species names to T-RFs in T-RFLP
fingerprints, especially those associated with abundant and
intermediate populations. For abundant populations the
match is usually 100, 64 % for the intermediate and about
52 % for the poorly represented populations (Caretta and
Brito 2011).

Culture enrichments and strains isolation

The first enrichment steps were performed using culture
media made from filtered (0.2 pum) site water as described
by Guyoneaud et al. (1996). The culture medium was
supplemented with acetate-Na, lactate-Na, glycerol or
ethanol (10 mM each). Sulfate (20 mM) or elemental sul-
fur was added as electron acceptor. The medium was dis-
tributed in sterile flasks closed with a butyl stopper
according to Guyoneaud et al. (1996) and reduced by
adding Na,S,0,4 (200 uM) before use. Isolation procedures
were performed by deep agar dilution series using the same
medium. The identification of isolates was performed by
16S rRNA gene amplification and sequencing, as previ-
ously described (Guyoneaud et al. 2002). The biomat and
mud samples AB1, AB2, and AM2 were used to isolate
endemic microorganisms; however, we only succeeded in
isolating organisms from AM2 warm mud fluid.

Results
Physical and chemical characterization

The physicochemical characteristics of the samples are
summarized in Table 1. All the samples were found to be
highly acid (pH values between 1.0, for AW cenote water,
and 4.8, for AB1 biomat). Dissolved oxygen (DO) mea-
surements showed that the hot mud sample was anaerobic
(below detection limit) while the biomat samples exhibited
limited amount of oxygen (about 3 mg L™ DO), the others
presenting values between these two (0.5 mg L™ for AM2
and 0.75 mg L™ for AW). The three samples analyzed for
metal content (AM1, AB1 and AB2) showed similar levels
of Ni, Cu and Cd (although the Ni was slightly higher for
AB2 and the Cu for AB1). Indeed, all samples showed very
high levels of heavy metal concentrations, in particular Hg,
Pb, and Fe (more than 1000 times the reference for water
contamination levels). Other studies carried out on Los
Azufres geothermal site, associated to the geothermal power
plants, showed lower values for mud samples (Birkle and
Merkel 2001), except for Fe, while analyses for runoff water
(Birkle and Merkle 2000) revealed values around the range
in which the measurements for our samples are (except for
Mn, Cu and Fe, for which their values were higher,
respectively, 1109, 44.5 and 42000, and for Pb and Cd, for
which their values are lower, respectively, 21.7 and below
DL, all values in mg kg~ '). As observed at other extreme
sites (Tobler and Benning 2011), it is expected that
parameters such as pH, temperature and concentration of
metals and metalloids strongly influence the microbial
diversity in Los Azufres muds and waters.
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ABI1
AB2

Bacterial diversity

The bacterial diversity analyses for AM1 (mud), and AB1
and AB2 (biomats) were carried out using T-RFLP
(Fig. 3). The number of T-RFs detected in the samples was
low, suggesting low bacterial diversity. Six, 12 and 15
T-RFs (Haelll digest) and 4, 10, and 15 T-RFs (HinP11
digest) were identified for AM1, AB1 and AB2 samples,
respectively. Moreover, the bacterial communities showed
dominant Operational Taxonomic Units (OTUs). In
T-RFLP analysis, each T-RF peak in considered as an
OTU; however, different species can produce the same
T-RF, thus bacterial diversity can be underestimated with
this method. The double dominant (Haelll digest), corre-
sponding to T-RF 35 bp and T-RF 79 bp, represented 70
and 30 % in AMI mud sample and 77 and 23 % in ABI
biomat sample, whereas in AB2 biomat sample the diver-
sity was distributed across four main OTUs corresponding
to T-RFs 35, 79, 213 and 219 bp (45, 20, 15 and 20 %,
respectively). When using HinP1I restriction enzyme, we
also found a double dominant pattern for AM1 and AB1
samples, respectively, T-RFs 79 and 101 bp (78 and 22 %)
and 79 and 431 bp (32 and 68 %). Similarly, diversity in
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Fig. 3 T-RFLP analysis for bacterial communities from Los Azufres
samples collected in September 2008 and September 2009: a digestion
with Haelll enzyme and b digestion with HinP1I enzyme. AM1: hot
spring mud; AB1 and AB2: biomat samples. Circle size is propor-
tional to the relative abundance of T-RFs. Six, 12 and 15 T-RFs
(Haelll digest) and 4, 10, and 15 T-RFs (HinP1l digest) were
identified for AM1, ABI and AB2 samples, respectively
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AB2 was distributed across four main OTUs: T-RFs 79, 86,
89 and 341 bp (19, 22, 27 and 32 %, respectively).

To investigate the effect of environmental parameters
(Cu, Pb, Hg, Fe, Ni, Cd, Cr, Zn and Mn and temperature,
DO, EC and pH) on bacterial community structure and
composition, a canonical correspondence analysis (CCA)
was performed using MSVP software with aggregated
T-RFLP patterns (i.e. combining both enzymes). This
analysis (Fig. 4) suggested that AM1 mud bacterial com-
munity was mainly influenced by Zn, Mn, temperature and
EC; ABI1 biomat bacterial community by Cu and slightly
by Pb and pH; and AB2 biomat bacterial community by Ni
and Fe (and marginally by Hg, Cd and Cr). Hg was placed
between AB1 and AB2 since both samples presented rel-
atively higher levels of this metal. The three samples were
relatively separated in this analysis, consistent with the
slightly different T-RFLP profiles they exhibited. This does
not mean they were completely unrelated but instead that
the method could highlight their differences. The method
could also detect small differences in chemical composi-
tions, for instance the small overabundance of Cu in
sample AB1 (compared to samples AB2 and AM1 which
present about the same amount of this element) indicated
that its populations may be influenced by this factor.

16S rRNA gene libraries were constructed using DNA
from all five samples: 82, 84, 90, 61 and 102 sequences
were obtained from AMI1 and AM2 mud samples, AW
water sample, AB1 and AB2 biomat samples, respectively.
Coverage values showed that sufficient sequences were
analyzed to be representative of each library (C = 0.91,
0.93, 0.91, 0.90 and 0.95 for AM1, AM2, AW, AB1 and
AB2, respectively). Low bacterial diversity was observed
for all samples with 7, 6, 8, 6 and 5 OTUs for AM1, AM2,
AW, AB1 and AB2, respectively, based on 97 % similarity

for 16S rRNA gene sequences, with a strong dominance of
some populations (Fig. 5). Indeed, with the exception of
AM?2, one dominant population was observed in all
libraries, accounting for 74-84 % of the diversity, between
one and three populations were median (6-12 %), the
remaining populations being less represented (Fig. 5). In
the case of AM2 sample, three codominant populations
(related to Acidithiobacillus sp., Desulfurella kamchatk-
ensis, and an uncultured Thermotogales) were observed
(Fig. 5). Taking into account all samples, the Proteobac-
teria-affiliated sequences were predominant (366 clones
out of 419), the remainder being affiliated to Cyanobac-
teria, Chlorobi, Firmicutes, Acidobacteria and Thermoto-
gae (Figs. 6, 7). The sequences were mostly affiliated to
strains or uncultured organisms detected in acid and hot
environments, such as hydrothermal vents and acid mine
drainage.

An in silico T-RFLP approach (Caretta and Brito 2011)
led to correlate T-RF 89 and 341 bp (HinP1I restriction
enzyme) to Chlorobaculum and Rhodoblastus genera,
while T-RF 92 bp corresponded to a Sulfurimonas. The
Haelll in silico restriction of sequences related to Rhod-
oblastus gave a 34 bp T-RF, the ones related to Thiomonas
gave a 218 bp T-RF, the ones related to Thermodesulfo-
bium a 220 bp T-RF and the ones related to Sulfurimonas
gave a 221 bp T-RF. Comparing in silico T-RFs with
T-RFLP data (Haelll restriction) revealed that T-RF 35
corresponds to Rhodoblastus and T-RFs 216 and 219 bp
correspond to the other three genera. Thus, the in silico
analysis of 16S rRNA cloning sequences suggested an
identity for most T-RFs from AB1 and AB2 samples: with
HinP11, Chlorobaculum, Rhodoblastus and Sulfurimonas,
and with Haelll, Thiomonas, Thermodesulfobium and
Sulfurimonas. The sum of these populations represented

Fig. 4 CCA combining o
T-RFLP data (from both AM1 A 16
enzymes Haelll and HinP1I) Zn T EC 13+
and environmental factors Mn
(temperature, metals). AM1: hot 0.9+
spring mud; AB1 and AB2:
biomat samples. Axis 1 0.6
accounts for 64 % of the <3 Cr
variability, and axis 2 for 36 % a 3T Cd
o | I . . I
% Ni
pH - AB2Fe
H
Cu g
AB1 A
DO
13T
Vector scaling 1,23 16
Axis 1 (66%)
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Fig. 5 Total diversity of bacterial 16S rRNA gene libraries obtained
from mud (AM1 and AM2), cenote water (AW) and biomat (AB1 and
AB2) samples

nearly 95 and 99 % of the sequences, respectively, for AB1
and AB2. For AMI no correlation between in silico T-RFs
and T-RFLP data could be highlighted. It is worth to note
that the dominant populations in AB1 and AB2 were about
the same, although their T-RFLP profiles revealed they
were slightly different. This demonstrated that the differ-
ences were mostly based on the less dominant populations,
detected by the T-RFLP analysis but abundant enough to
be detected in the clone library.

Using specific culture media for sulfate and sulfur
reducing bacteria, one strain was isolated in pure culture
(strain AZLFE3, from sample AM2). This strain was
related to the genus Desulfurella, representing 25 % of
AM?2 16S rRNA gene library. Strain AZLFE3 is a mod-
erate thermophilic and acidophilic bacterium able to use S°
as main electron acceptor. In addition, enrichments of a
sulfate reducer, related to Thermodesulfobium were
obtained and identified according to their bisulfite
reductase  sequences (data not shown). These
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Thermodesulfobium were obtained in co-cultures with
Desulfurella representatives.

Discussion

Mud geothermal eruptions may be classified as mud vol-
canoes (large edifices built up mainly of mud and other
sedimentary constituents, periodically or continuously
venting liquid mud and other volcanic material, e.g. Hov-
land et al. 1997), mud cones (small mud volcanoes, shorter
than 10 m, produced by the extrusion of viscous gas-
charged mud, e.g. Camerlenghi et al. 1995), “gryphons”
(steep mud cones, shorter than 3 m, e.g. Yakubov et al.
1971) and “salses” (large pools of bubbling clay and
water, e.g. Newton et al. 1980). In this context, the Los
Azufres mud pool studied in the present work must be
classified as salse.

The geothermal potential of Los Azufres site had been
exploited since 1982 to produce electrical energy. Envi-
ronmental studies discussing the impact of the thermo-
electric power stations were published by Birkle and
Merkle (2000). By investigating several sites outside the
thermoelectric area (springs, surface runoff water and river
waters), the authors drew attention to the water quality of
some small streams whose metal concentrations exceeded
EPA and WHO drinking water standards (US EPA 1990;
WHO 1993). This was particularly the case for Fe, Mn, As,
B, Hg, Pb, F and Se, which can represent a considerable
risk to human health and the environment (Birkle and
Merkle 2000). In contrast to Birkle and Merkel (2001), in
the present study we analyzed mud and biomat samples,
thus it is reasonable to expect distinct characteristics and
contamination levels. We found that contamination was up
to 3 orders of magnitude higher than the WHO directives
for drinking water. Our samples were collected within one
of the most popular spas of Los Azufres geothermal site,
where a sulfurous mud pool is considered by the local
population to have healing properties. Users only cover
their body and never ingest the mud, reducing the risk of
metal uptake. However, the whole Los Azufres region is
used as a recreation area, with thermal swimming pools
and hot springs, as well as for trout farming. Thus it is
important to check the level of metals and to assess the risk
for the environment and human health. For instance, the
mercury concentration observed in this work exceeded by 3
orders of magnitude the WHO directives, and by 4 orders
of magnitude those found in volcanic aquifers in Italy and
the Antilles (Bagnato et al. 2009a, b, ¢). The concentration
of mercury in water depends on many factors, mainly pH
(Jenne 1970), mineral Hg adsorption being lower under
acidic conditions (Anderson 1979). Furthermore, the high
sulfate contents in thermal waters are systematically
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Fig. 6 Phylogenetic
relationship between the 16S
rRNA gene sequences obtained
from mud (AM1 and AM?2),
water (AW) and biomats (AB1
and AB2) from Los Azufres
geothermic field. The tree takes
into account all phyla with the
exception of the Proteobacteria.
Numbers inside square brackets
indicate the number of
sequences for this OTU. The
tree was constructed with
related sequences obtained from
NCBI database, using neighbor-
joining algorithm, with an
alignment of 754 bp. The scale
bar represents the number of
substitutions per nucleotide
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associated with low pH and Eh, thus favoring the scav-
enging of Hg adsorbed onto mineral surfaces, which in turn
can be emitted into the atmosphere as poorly reactive Hg’
(Giggenbach 1988). Even if part of Hg is released into the
atmosphere from fumaroles, an important amount of
Hg persists in the water and mud, probably as mercury-
sulfide complexes Hg(H,S), and Hg(HS), or Cl-com-
plexes(HgCl,) (Varekamp and Buseck 1984; Christenson
and Mroczek 2003).

Despite the proximity of the sampling sites and the
inter-connection of hydrothermal sources, defining, for
example, their acidic conditions, the physicochemical

Thermococcus alcaliphilus DSM10322'(AB055121.1)

characteristics revealed considerable differences. Temper-
atures ranged from mesothermal conditions (25-37 °C) for
biomats, AM2 and AW samples, to hyperthermal for the
mud close to the geyser (84 °C in AM1). The most extreme
conditions were those present in AM1 mud since, besides
the acidity, hyperthermic and anoxic conditions were
detected. AW cenote water and AM2 mesophilic mud were
also considerably extreme due to their very high acidity. In
terms of metal concentrations, mud sample AM1 exhibited
higher levels of Zn and Mn, while biomat sample AB1
showed a marginally higher concentration of Cu and AB2
of Ni and Fe, both biomats presenting higher levels of Hg.
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Fig. 7 Phylogenetic
relationship between the 16S
rRNA gene sequences, within
the Proteobacteria, obtained
from mud (AM1 and AM2),
water (AW) and biomats (AB1
and AB2) from Los Azufres
geothermic field. Numbers
inside square brackets specify
the number of sequences. The
tree was constructed with
sequences obtained from NCBI
database, using neighbor-
joining algorithm, with an
alignment of 716 bp. The scale
bar represents the number of
substitutions per nucleotide
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The DO was higher for both biomats since the streams
where they formed were noticeably shallow (favoring the
exchange of oxygen with the atmosphere), supporting the
growth of biofilms with aerobic or facultative anaerobic
organisms. As will be discussed below, these physico-
chemical characteristics are directly related to the domi-
nant populations found in the samples:

e a versatile soil microorganism, which was found to
inhabit from alkaline to acidic environments (AMI)
and to resist to high metal concentrations and high
temperatures (Lysobacter spp.).

e a known acidophilic microorganism (Acidithiobacillus
spp.), involved on the iron and sulfur cycles, living in
acidic and mesophilic environments (AW and AM2).

e a biomat-developing microorganisms (Rhodoblastus
spp.) that participate in the sulfur cycle, inhabiting
mesophilic environments, rich in metals, specially Hg,
and with limited amount of available oxygen (AB1 and
AB2).

Regarding specifically the microbiological analyses,
both T-RFLP and 16S rRNA gene libraries data suggested
low bacterial diversity in the studied samples. The domi-
nant populations detected through 16S rRNA gene libraries
were related to microorganisms adapted to acidic envi-
ronments and/or to functional groups involved in iron and
sulfur biogeochemical cycles. Indeed, bacteria involved in
the sulfur cycle were found among the bacterial commu-
nities in the mats, whereas the cenote water was dominated
by bacteria involved in the iron cycle. The mesophilic mud
sample was colonized by microorganisms related to both
cycles.

Rhodoblastus acidophilus-affiliated sequences were
dominant in the microbial mat samples (50 and 75
sequences for AB1 and AB2, respectively). This is a purple
non-sulfur bacterium adapted to acidic environments.
Representatives of this species are metabolically versatile,
being able to grow phototrophically under anoxic condi-
tions, or chemotrophically under microoxic to oxic condi-
tions (Imhoff 2001). Rhodoblastus acidophilus was already
detected on Hawaiian volcanic deposits (Gomez-Alvarez
et al. 2007). Some purple non-sulfur bacteria can use
hydrogen or reduced sulfur compounds (H,S, S° and
S,05°7) as electron donors for photolitotrophic metabo-
lism, and thus also participate to the sulfur cycle under not
extreme sulfur concentration conditions (Guyoneaud et al.
1996).

Lysobacter enzymogenes-related sequences were exclu-
sively detected in the mud samples, and were dominant
(84 %) in the hot mud (AM1). Lysobacter spp. are char-
acterized by their strong lipase, protease and hemolytic
activities (Christensen and Cook 1978; Lee et al. 2006;
Yassin et al. 2007), as well as their antibiotic activity

against gram-positive bacteria (Park et al. 2008) and fungi
zoospores (Folman et al. 2003). Lysobacter sp. was first
described as a typical soil bacterium (Christensen and
Cook 1978), however, it is now known to be present in
other environments, including extreme environments (Ro-
manenko et al. 2008; Liu et al. 2011; Tobler and Benning
2011; Brito et al. 2013). In addition, Liu et al. (2011)
isolated a thermo- and alkalitolerant Lysobacter sp., resis-
tant to UV light, from an abandoned gold mine. A Ly-
sobacter sp. was also detected in a bacterial community
from hypersaline and alkaline industrial residues (pH 9-12)
highly contaminated with Cr(VI) (Brito et al. 2013), and in
Icelandic geothermal waters of pH approaching 10 (Tobler
and Benning 2011). As far as we know, this is the first time
such microorganisms were found under acidic conditions.

According to the 16S rRNA gene libraries, Acidithio-
bacillus spp. were also highly represented (24 % of total
libraries), being dominant in the cenote water and in the
mesophilic mud AM2, where both acidic and mesophilic
conditions were found. These Proteobacteria are acido-
philic iron and sulfide oxidizers, able to obtain energy from
the oxidation of ferrous iron coupled to oxygen reduction.
These bacteria are also able to use reduced sulfur com-
pounds or hydrogen to obtain energy. These properties may
be of interest for biotechnological applications, in partic-
ular for the remediation of acid- and metal-enriched
effluents through bioleaching and subsequent metal trap-
ping by other functional groups (Hedrich et al. 2011) such
as sulfate reducers or metal reducers. The other iron and/or
sulfide oxidizing species detected in Los Azufres samples
were related to Thiomonas and Paracoccus (respectively,
13 and 1 sequences). Thiomonas species are mixotrophic
sulfur-oxidizing Betaproteobacteria, able to precipitate
ferric iron. Thiomonas sp. were detected in the thermophile
(60 °C), neutral pH and sulfur-rich waters from Uzon
Caldera (Gumerov et al. 2011). Paracoccus is described as
a facultative autotrophic Alphaproteobacterium able to
grow under both oxic and anoxic conditions. P. carotini-
faciens, detected in AM1 hot mud, is a soil species able to
grow between 10 and 33 °C at pH 6.5-7.5 (Tsubokura et al.
1999); thus in very different environmental conditions to
those observed in Los Azufres. Nevertheless, Paracoccus
spp. were detected on a mud volcano in China (Yang et al.
2012) and geothermal springs in New Zealand (Hetzer
et al. 2007).

We also detected uncultured bacteria (39 sequences, 28
of which revealed the presence of an uncultured Therm-
otogae, AF232923.1, sequence MS9) detected in water and
sediment samples from acidic, geothermal pools in the
Caribbean island of Montserrat (Burton and Norris 2000).
The closest described species (81 % similarity) is the
thermophilic sulfur-reducing Thermosipho melanesiensis.
Other  sulfate or sulfur reducers, such as
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Thermodesulfobium and Desulfurella-related sequences,
were detected through our 16S rRNA gene libraries,
demonstrating the abundance of functional groups involved
in the sulfur cycle, mainly in the mud and mat samples.

Despite the complexity of isolating both thermophilic
and acidophilic microorganisms, the study of isolates is
necessary to further investigate their metabolic capacities
and thus ecological role. Until now, we achieved the iso-
lation of one strain, AZLFE3, closely related to Desulfu-
rella kamchatkensis (98 % similarity). The type strain of
D. kamchatkensis was originally isolated from a microbial
mat developing in a sulfide-rich volcanic hot spring in
Kamchatka (Miroshnichenko et al. 1998). It was also found
in Yellowstone National Park (Hall et al. 2008) and De-
sulfurella multipotens representatives were detected in the
thermophile (60 °C), neutral pH and sulfur-rich waters
from Uzon Caldera (Gumerov et al. 2011). The exploration
of the diversity and ecological role of the microbial com-
munities from Los Azufres communities is just beginning,
and further efforts will determine optimal ecophysiological
conditions for the growth of such microorganisms.

As concluding remarks, we underline that this work is
the first to investigate the microbial diversity within Los
Azufres geothermal field. Like other volcanic environments
presenting extreme physico-chemical conditions, these
areas are disappearing due to anthropogenic exploration, so
their biodiversity needs to be investigated and preserved.
To date, most of the several geothermal sites on Mexican
territory remain yet unexplored and unprotected. From a
public health point of view, the physico-chemical charac-
terization of Los Azufres is also of great concern since this
area is used for leisure. The high metal concentrations may
expose humans and other species to danger, if not by direct
contact with mud or water, but by consumption of trouts.
Besides, it is important to be aware whether emanating
gases contain high concentrations of toxic metals, such as
mercury or volatile alkylated metal species. Moreover, the
anoxic conditions and the presence of sulfate-reducing
microorganisms may influence mercury speciation, result-
ing in the production of the toxic form methylmercury.
Finally, the detection of bacterial sulfate-reducing popu-
lations in Los Azufres geothermic site is promising for the
search for new biotechnologies involving metal transfor-
mation such as bioleaching and bioremediation. To follow
the present work, we will investigate these communities
further to find isolates capable of transforming metals into
less toxic forms, for instance CrVI to CrlIIl. This applica-
tion is of great interest, since environmental problems
caused by industrial chromium residues worldwide could
be greatly alleviated. Other biotechnological applications
may also be discovered.
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