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Abstract: New biotechnology applications require in-depth preliminary studies of biodiversity.
The methods of massive sequencing using metagenomics and bioinformatics tools offer us sufficient
and reliable knowledge to understand environmental diversity, to know new microorganisms, and to
take advantage of their functional genes. Villa Luz caves, in the southern Mexican state of Tabasco,
are fed by at least 26 groundwater inlets, containing 300-500 mg L~! H,S and <0.1 mg L~! O,.
We extracted environmental DNA for metagenomic analysis of collected samples in five selected Villa
Luz caves sites, with pH values from 2.5 to 7. Foreign organisms found in this underground ecosystem
can oxidize H;S to HySOj. These include: biovermiculites, a bacterial association that can grow on
the rock walls; snottites, that are whitish, viscous biofilms hanging from the rock walls, and sacks or
bags of phlegm, which live within the aquatic environment of the springs. Through the emergency
food assistance program (TEFAP) pyrosequencing, a total of 20,901 readings of amplification products
from hypervariable regions V1 and V3 of 165 rRNA bacterial gene in whole and pure metagenomic
DNA samples were generated. Seven bacterial phyla were identified. As a result, Proteobacteria was
more frequent than Acidobacteria. Finally, acidophilic Proteobacteria was detected in UJAT5 sample.

Keywords: metagenomics; bTEFAP; Proteobacteria; Acidobacteria

1. Introduction

The tropical rainforest is one of the world’s main biomes, biologically possessing the greatest
wealth of the tropics [1-3], but also the most endangered [4]. The Mexican humid tropics (MHT)
or warm-humid tropics is in the southeast region of Mexico. It occupies just 11% of the country’s
landscape [5], but it has the greatest biological diversity [6]. One of the characteristic epicontinental
ecosystems in the MHT are underground aquatic biomes, which are interconnected with springs and
the Chichonal volcano by an aquifer network that spans hundreds of kilometers in a region lying
North of the Sierra de Chiapas in southeastern Mexico [7]. Thus, Villa Luz (VL) caves are characterized
by the presence of elemental sulfur embedded in the walls with 300-500 mg L~! H,S and <0.1 mg L~!
O; in the air, as well as karst springs and colloidal sulfur [8-11]. H,S concentration in the atmosphere
varies and is often quite toxic. Besides the fascinating hydrology and atmosphere, VL caves have
a diverse biological community that appears to be largely dependent on the mineral-rich waters [3].
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This is a very special environment, as it has a mix of energy resources such as bat guano, plant debris,
and most extraordinary of all, autotrophic bacteria colonies.

The influence of the bacterial diversity on the cave’s development is very evident as H,S oxidation
takes place in the clay, which is replaced by gypsum. Gypsum falls apart and dripping water
dissolves it, which makes the replacement-solution phenomenon very evident [12]. Because of its
early origin (Cretaceous) and extreme environmental conditions (pH, temperature, Sulphur compound
concentrations, and redox conditions), like those found in the Early Earth [7], these caves house
a biological library that is not very well explored from the molecular point of view.

Overall, it can represent an opportunity to develop biotechnological applications first, but also
to gain insights into the origin and evolution of mechanisms of survival in extreme environments.
Biodiversity characterization of native microorganisms is of enormous biological and ecological
importance, and it also has a great impact on biotechnological potential [13], because they are the
most abundant lifeform on earth [14] and they are also indispensable for the functioning of any
ecosystem [8,15,16].

Moreover, there are few biological and native microbial genetics richness studies of Earth’s
ecosystems in relation to the vast microbial diversity existing, which could represent up to 99% of
non-cultivable microorganisms of all individuals present in an environment [17], with Archaea and
bacteria being among them [18-20]. Bacteria thrive in a wide variety of habitats, they are an important
part of global ecosystems and they are considered to represent up to 20% of the Earth’s total
biomass [21-23]. Taking into account the huge biotechnological potential concealed in bacteria,
so far very poorly characterized, to analyze their genomic contents through metagenomic tools does
open the possibility of identifying new taxa or novel genes. In addition to underlining their role in
the ecosystem, these have the potential to be applied in the food, pharmaceutical, organic chemical
industries [22] or other uses [24,25].

Metagenomics, as a next-generation sequencing (NGS) field, offers a modern way to determine
community structure, species diversity, metabolic capacity, and functional diversity studies [3,26,27].
The NGS technologies, including 454 and Illumina sequencers, use oligonucleotides to amplify the
rrs gene encoding for the 165 rRNA subunit and are targeted to hypervariable regions. Although no
single hypervariable region can distinguish among all the bacteria, V2 (nucleotides 137-242),
V3 (nucleotides 433—497), and V6 (nucleotides 986-1,043) hypervariable regions contain the maximum
heterogeneity and provide the maximum discriminating power for analyzing bacterial groups.
Furthermore, the fact that hypervariable regions are flanked by conserved regions and known
sequences allows to design specific oligonucleotides. These allow to amplify the sites or fragments by
polymerase chain reaction (PCR), and to sequence them by NGS in order to identify and quantificate
the microbial diversity [18,28].

In this work, we sequenced the 16S rRNA genes of environmental DNA acquired from
the native microbiota of the VL caves in Tacotalpa, Tabasco, Mexico. The sequence analysis of
metagenomic data, generated by massive bacterial tag-encoded FLX amplicon pyrosequencing
(bTEFAP), is meant to identify the bacterial diversity, at a family level, and can be of help for future
biotechnological implications.

2. Materials and Methods

The VL caves, also known as Sardines or Sulfur caves, are formed by sulfur-rich waters of
hypogenic origin. These caves are located in the municipality of Tacotalpa, Tabasco, Mexico (3.5 km
south of Tapijulapa), at 17°28'0” N, 92°47'0” W coordinates, and are within Kolem Jaa Park located at
an altitude of 100 meters above sea level. These caves are approximately 2.4 km from Almandro River,
located at the Chiapas high edges. They have a total surveyed length of approximately 1.9 km and
the total relief of the explored caves is just 25 km, see Figure 1 [8,9,12]. VL caves water flows about
80 m above sea level and 40 m, approximately, on the hydrological base level, which is represented
by Oxolotan and Amatéan rivers [8]. This system is composed of two caves: Cueva del Azufre
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(Sulphur cave), that is fed by about 26 sulfidic springs, and Cueva Luna Azufre (Sulfur Moon cave),
with non-sulfidic springs [8,12].

Figure 1. Geographical location of the Villa Luz (VL) caves, Tacotalpa, Tabasco, Mexico. The blue spots
indicate no sulfidic surface bodies, brown spots indicate sulfidic surface sites, and the red spot shows
the Sulphur cave (CA) sulphidic. Adapted from Plath, M.; Tobler, M. CRC Press Taylor & Francis
Group. 2010, Chapter 8, p. 285. Copyright 2018 CRC Press. [9].

These caves are divided into 13 different chambers (I-XIII) [10,29], see Figure 2. They were formed
by the folding of a micritic block of limestone in the Cretaceous period and are limited to the South
by a normal fault, which probably controls the location of its main entrance. Front chambers receive
a certain amount of light through the roof skylights, while the more inner chambers are completely
dark. Several anastomosing streams that flow through the cave are fed by springs that emerge from
the limestone floor, most of which contain H,S and possibly gas bubbles with CO,. Based on the
chemistry and physical nature, the springs have been classified into two groups. Group A members are
characterized by containing between 300 and 500 mg L~! H,S, and less than 0.1 mg L~! O,. This water
is slightly oversaturated with calcite and oversaturated with gypsum and dolomite. It is recognizable
in the caves by the elemental sulfur contained in the walls above the high-water mark, the white
bacterial filaments on the wet rock surfaces, and the pyrite deposits in the water-covered sediments
or rocks. Group B springs have <0.1 mg L~! H,S and <4.3 mg L~! O,. They are characterized by
travertine and iron oxides (red-yellow color) precipitation, calcite and dolomite oversaturation, and
gypsum sub-saturation. Both type (AB-type) springs have elements of the first two spring groups and
their composition is the most abundant in these caves. Based on total dissolved solids and chemistry
in general, it has been proposed that the A and B groups have a similar origin and composition,
suggesting that HyS oxidation takes place first in group B. The causes or controls on water oxidation
are still unknown [7-10].
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Figure 2. Simplified map of the VL caves, indicating the location of springs (dark spots), skylights,
broken limestone columns, main entrance, and areas with elemental sulfur. It also shows the I-XIII
cameras and their location. Adapted from Hose, L.D., Pisarowicz, J.A., Journal of Cave and Karst
Studies. 1999, vol. 61, 1, pp. 13-21. Copyright 2017, National Speleological Society, Inc. (NSS). [10].

2.1. Environmental Sampling and DNA Extraction for Metagenomic Analysis

Snottite, biovermiculite, and sediment samples were collected from 10 pre-selected sites (Figure 3),
considering their physicochemical characteristics (temperature, pH, and H,S smell). These samples
were transported to laboratory in a thermal cooler, in which they were pre-frozen with liquid nitrogen
and stored at —40 °C until subsequent DNA extraction. Metagenomic DNA from 0.5g of environmental
samples was extracted using the FastDNA® SPIN Kit for Soil (MP Biomedicals, Santa Ana, CA, USA),
following the manufacturer’s recommendations. Snottite samples were frozen with liquid nitrogen
and then were ground to achieve better disintegration of the embedded cells within the mucus-like
layers and to facilitate mechanical and chemical lysis. Sediment samples were centrifuged at 10,000 g
for 20 min with a centrifuge 5810R (Eppendorf, Hamburg, Germany) to completely extract excess
water and precipitate bacterial cells. As for the biovermiculites samples, the DNA was directly
extracted. The DNA obtained was used to amplify 1400 base pairs (bp) of bacterial 16S ribosomal
DNA (rDNA) gene using the oligonucleotides: NVZF 5-GCG GAT CCG CGG CCG CTG CAG AGT
TTG ATC CTG GCT CAG-3' and NVZR 5-GGC TCG AGC GGC CGC CCG GGT TAC CTT GTT
ACG ACT T-3' [30]. The PCR reaction mix consisted of 50 ng DNA template, 1x PCR buffer (Qiagen,
Hilden, Germany), 0.025M MgCl, (Merck, Darmstadt, Germany), 200 pM each deoxynucleotide
(dNTP) (Promega, Madison, Wisconsin, USA), 0.6 uM each oligonucleotide, and 0.5U HotStarTaqg DNA
Polymerase (Promega). PCR reaction conditions were: an initial denaturation step of 94 °C for 10 min
followed by 30 cycles at 94 °C for 1 min, and 58 °C for 1 min, 72 °C for 1 min, and a final extension
at 72 °C for 10 min, with a T-gradient Thermo cycler, the CFX96 Touch™ Real-Time PCR (Bio-Rad,
Singapore, Singapore). The PCR products were evaluated by submerged electrophoresis in 1.2%
agarose gel stained with ethidium bromide and quantified using a NanoDrop 2000 Spectrophotometer
(Thermo Scientific, Waltham, MA, USA). Finally, they were diluted to 100 ng uL~! by bTEFAP analysis,
for which the Research and Testing Laboratory services (Lubbock, TX, USA), were required.
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Figure 3. Pre-selected and selected sites for the environmental samples collection in the VL caves.
Elliptical shapes marked and labeled from UJAT1 to UJATS5. Adapted from Hose, L.D., Pisarowicz, ].A.,
Journal of Cave and Karst Studies. 1999, vol. 61, 1, pp. 13-21. Copyright 2017, National Speleological
Society, Inc. (NSS) [10].

2.2. Pyrosequencing and Sequence Analysis

Clone library and pyrosequencing preparation services were requested from the Research
and Testing Laboratory. To perform PCR we used specific universal primers 28F
(5'-GAGTTTGATCNTGGCTCAG-3') and 519R (5'-GTNTTACNGCGGCKGCTG-3') of the 16S rRNA
gene V1 and V3 variable regions. A systematic check was performed to remove low-quality reads in
accordance with Brown et al.’s (2009) strategies [31]. These involve eliminating: (i) Sequences that
do not perfectly match the 3bp key code and primer sequence at the start of read, (ii) Sequences that
do not perfectly match at least the first 10bp of the distal primer, (iii) Sequence reads that contain
any undetermined nucleotide (N), and (iv) Sequence reads <50 bp after removing both primers [32].
The data was obtained using an ad hoc channel written in Perl. All statistics were obtained with
RStatistics software, making use of several open-source libraries such as GData [33] and Vegan [34].
The group sequences were calculated to have 0.97% of similarity and 80% of overlap by using the
Cluster Database at High Identity with Tolerance (CD-HIT) software [35]. Taxonomic affiliations
were assigned using the Ribosomal Database Project (RDP) classifier [36] and all data were tabulated.
Readings with RDP score value <0.8 were assigned below the taxonomic rank/range and left in the
last rank as unidentified.

3. Results

3.1. Samples and Chemical Properties

Samples from five different sites in the VL caves were selected (UJAT1, UJAT2, UJAT3, UJAT4,
and UJATS5). As extreme values, we measured from 27 °C to 30 °C, while the pH was found to be
from 2.5 to 7. As seen in Table 1, UJAT1 and UJAT2 samples contained high chemical concentrations,
UJAT4 and UJAT5 samples contained intermediate chemical concentrations, and the UJAT3 sample
was obtained from a microenvironment with low chemical concentrations, mainly CO,, CHy, and HjS.
The UJAT5 sample represents an acidophilus microniche (pH 2.5).
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Table 1. Physicochemical measurements of the sampling sites selected of VL caves.

Physicochemical Measurements

Selected .
X R ppmv in the . 1
Sample Type ) San:lplmg Site H TECO Atmosphere Concentration (mg L™")
in Vila Luz cave
CO, CH, S04~  Ca** Mg?* Na* HCO3~ H,S
UJAT1a 70 30 527 209 >960 >393 >85.8 >479 >1330 >500
UJAT1b 28.7 85.8 479
Sediment-water ] 960 ~393 1330 500
UJAT2 6.8 28.6 847 2.63-2.70
UJAT3 6.9 ~396 1.87 75.7-83.8 412-465
: A 27 T <960 ~387
Biovermiculites UJAT4 7.0 467 197 1310 300
Snottites UJAT5 2.5 85.8 479 400
Reference This work [20] [27] [37], this work

ppmv: parts per million volume.

3.2. Bacterial Diversity Distribution

The pyrosequencing studies with V1-V3 hypervariable regions of bacterial 16S rRNA gene by
PCR amplified from five selected sites provided 20,901 readings with an average size of 434.2 bp
(standard deviation (SD) average: 55.3). Using the Chao 1 estimator [33,34,38], the taxonomic analysis
of sequences revealed the presence of 27 and 81 families in the UJAT2 and UJAT1b samples, respectively.
According to the Shannon Index, the diversity had all values >1, with a maximum of 3.02 for UJAT1b
sample. UJAT3 sample reported index of 0.73. See Table 2.

Table 2. Estimation of biodiversity and richness of selected sampling sites of VL caves.

Sample Reads Length (SD) N Families Shannon Chaol (SE)
UJAT1a 1686 471.58 (54.77) 47 2.67 47.00 (1.77)
UJAT1b 3286 428.85 (56.72) 81 3.02 81.09 (6.13)
UJAT2 995 42471 (53.74) 27 2.00 27.00 (2.16)
UJAT3 6842 380.98 (46.38) 36 0.73 36.06 (7.48)
UJAT4 1401 479.87 (62.95) 47 241 47.00 (12.47)
UJAT5 6691 419.73 (57.74) 35 1.88 35.12 (0.68)

SD: Standard deviation; N: Number; SE: Standard error.

These high Shannon index values indicate a diversity-balanced distribution. Only in the UJAT3
sample we found a diversity decrease, corresponding to increased dominance of Enterococcaceae and
Anaerolineaceae members (Figure 4). Samples are grouped by sampling location, as displayed in Figure 4,
which shows that the UJAT1a and UJAT1b samples closely resemble each other, together with the
UJAT2 sample. Then, the UJAT4 and UJAT5 samples are of another cluster separate from the UJAT3
sample and of the first mentioned samples.

Rarefaction curves obtained at family level, indicate that all samples except UJAT4, where the
estimated Chaol indicates the presence of up to 81.1 families (standard error (SE): 6.13), tend to reach
a plateau, which indicates that the sequencing depth was sufficient to carry out a thorough description
of each sample (Figure 5).

From Figure 6 we see that UJAT1a and UJAT1b samples closely resemble each other, and a bit the
UJAT2 sample, while the UJTA3, UJAT4 and UJAT5 are more different. Taxonomic analysis revealed
the presence of seven bacterial phyla: Acidobacteria, Actinobacteria, Bacteroidetes, Chloroflexi, Firmicutes,
Ignavibacteria and Proteobacteria. Proteobacteria was the most abundant phylum in collected UJAT1a,
UJAT1b, UJAT2, and UJAT3 samples of selected sites (82.85-89.38%, Figure 6). However, in UJAT4
and UJAT5 samples, the most abundant is Firmicutes (58.66% and 42.56%, respectively), while the
Proteobacteria represented 35.49% and 56.49%, respectively.
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3.2.1. Proteobacteria

The UJAT1a, UJAT1b, UJAT2, UJAT3, UJAT4, and UJAT5 samples contained 78%, 66%, 69%,
88%, 34%, and 54%, respectively. Among them, the most abundant classes were Betaproteobacteria
(UJAT1a, UJAT1b, UJAT4, and UJAT5 samples) representing up to 50% of all readings in the
UJAT1a sample. In Betaproteobacteria, the most recurrent genera were Thiobacillus (28% UJAT1a
and 14% UJAT1b samples) and Sideroxydans (13% UJAT1a and 8% UJAT1b samples), as well as
Rhodocyclaceae members (5% UJAT1a and 7% UJAT1b samples) and Delftia (18% UJAT4, 32% UJAT5
samples). Gammaproteobacteria was the most representative class in the UJAT3 sample, where Serratia
represented almost all the readings (84%). In the UJAT2 sample, Gammaproteobacteria were also very
abundant, reaching up to 37% of the readings, and between the dominant taxa were Pseudomonas
(36%), Moraxellaceae (0.2%), and Azotobacter (1%). The UJAT1a, UJAT1b, and UJAT2 samples were
also characterized by 15%, 11%, and 16% of Epsilonproteobacteria, and especially Campylobacterales
members of Arcobacter and Sulfurovum genera (12%, 5%, and 1%) in the UJAT1a sample; Dehalospirillum,
Arcobacter, and Helicobactreaceae (5%, 4%, and 1%) in the UJAT1b sample; and Sulforospirillum and
Arcobacter (17% and 5%) in the UJAT2 sample. The Epsilonproteobacteria were practically absent
in the other selected samples. With regards to Alphaproteobacteria, they were mainly found in the
UJAT2, UJAT4, and UJATS samples (9%, 6%, and 15%, respectively). The most representative orders
were Rhizobiales and Caulobacteriales. In the UJAT2 sample, the Rhizobiales (6%) were represented by
Rhizobium (4%) and Hoeflea (2%); in Caulobacteriales (3%), by Caulobacter (2%) and Brevundimonas (1%).
The majority of Alphaproteobacteria in the UJAT4 sample were Caulobacteriales (5%), composed entirely
of Brevundimonas and Rhizobiales (0.7%) with Rhizobium. In the other samples, the Alphaproteobacteria
were almost absent.

3.2.2. Firmicutes

These were represented by values lower than 20% in all samples, except the UJAT4 and UJAT5
samples. The UJAT1a and UJAT1b samples (2% and 3%, respectively) were represented almost entirely
by Clostridiales orders (2% and 2%), and mostly by Fusibacter genus and other minor genera. Likewise,
Lactobacillales and Bacillales order (<1%) were found. The UJAT2 sample was composed by 17% of
this phylum with 15% Clostridia class, including 12% represented by Fusibacter; other orders such as
Selenomonadales with Succiniclasticum (2%) and Bacilli class with Planomicrobium genus (0.5%) were
found present. In the UJAT3 sample, this phylum was represented by 9%, with 8% of Bacilli class almost
entirely represented by Alicyclobacillus genus, and 2% of Clostridia class fully composed by Sulfobacillus
genus. Firmicutes in the UJAT4 and UJAT5 samples were present, 53% and 41%, respectively. In the
UJAT4 sample, Bacilli and Clostridia members (45% and 7%, respectively) were found. Likewise, among
Bacilli class, Exiguobacterium (16% and 31%), Enterococcus (17% and 8%), and Trichococcus (12% and
4%) genera were found. Finally, in Clostridia class, we identified Proteinoclasticum (2% and 0.2%) and
Clostridioides genus in stricto sensu (4%; absent in the UJAT-5 sample).

3.2.3. Others

Other organisms found in the UJAT1a and UJAT1b samples were Ignavibacterium (8% and 7%,
respectively), Chloroflexi (4% and 4%, respectively), Acidobacteria (2% and 5%, respectively), and
Bacteroidetes (3% and 6%, respectively). In the UJAT2 sample, Actinobacteria (2%), Lentisphaerae (2%),
and Bacteroidetes (2%) were also found. In the UJAT4 and UJATS samples, Bacteroidetes by 10% and 2%,
respectively, were found. In these samples, the represented genera of the phylum Bacteroidetes were
Paludibacter (10% and 2%, respectively), and other minor genera represented (<1%) were Parabacteroides,
Thermophagus, Alkalitalea, Alkaflexus, Moheibacter, Wandonia, and Meniscus, among others.



Genes 2018, 9, 55 90of 13

4. Discussion

The number of metagenomic studies has increased in recent years [39]. Metagenomics has been used
to evaluate and exploit biodiversity in many habitats, including extremophiles environments [40-45].
In this study, we determined the prokaryotic diversity of sulphydric hot springs in the VL caves
of Tacotalpa, Tabasco, Mexico, with severe limitations or total absence of light. We found different
bacterial communities that were dominated by Proteobacteria, Firmicutes, Chloroflexi, Chlorobi, Bacteroidetes,
and Actinobacteria. We also found the phylum Acidobacteria, although with very little dominance.
A dominance of Proteobacteria was observed in this study and is in accordance with other cave
studies [46,47]. This suggests that the presence of this community is a consequence of the increase in
organic matter entering this cave [47]. Although the interaction of these bacteria might develop metabolic
capability against possible contamination by infiltration of human or animal organic matter [48], the bat
guano could be the main source of organic matter responsible for making Proteobacteria the dominant
phylum in this cave. Dominance and pH found in the UJAT5 sample microbiota (Figure 4; Table 1)
suggest that this might correspond to acidophilic Proteobacteria, which in the case of iron oxidizers has
been the focus of a large amount of research due to its significance in environmental biotechnology [49].

Gram-positive Firmicutes, Bacteroidetes, and Chloroflexi bacterial phyla are described as follows:
Firmicutes are present in all aquatic environments, Bacteroidetes are green but not sulfurous, and
Chloroflexi have low abundance in oligotrophic waters [50] . Wemheuer et al. (2013) were focused on
the evaluation and exploitation of the prokaryotic diversity in two microbial communities obtained
from different hot springs in Kamchatka; using the metagenomic approach, they found that the most
abundant groups in the samples belonged to Proteobacteria, Thermotogae, and Thaumarchaeota, but
they did not find Acidobacteria. This phylum is widely distributed and is abundant in soils, it is not
restricted to acidic environments and is made up of oligotrophic organisms negatively correlated with
soil organic matter [51]; however, their ecological and metabolic functions are not accurately known,
because we do not have pure cultures neither do we have complete genomes sequences [30,52-55].
Acidobacteria phylum is identified by a diverse collection of 165 rRNA gene sequences (>1500 in the Data
Base Project ribosome [24] obtained from different environments, including soils and sediments [56,57],
soil crusts of sand dunes [58], sewage [59,60], sewage distribution systems [61], mire or quagmire [62],
acid mine drainage [63], intertidal hot springs [37], submarine hydrothermal vents shallow [64],
surfaces Paleolithic rock paintings and catacombs [65-68], and interactions of species of this phylum
with plants [43]. In situ hybridization with specific probes for Acidobacteria has also confirmed the
presence of this phylum in many environments and revealed multiple cellular morphotypes, including
cocci, short rods, and thin filaments [69]. Numerous 16S rRNA gene sequences from this phylum
have also been identified in different active and ancient cave systems worldwide [70]. However, our
knowledge of acidobacterial diversity is still rather incomplete [71], and even more considering only
from caves [70].

Finally, our study revealed that all the bacteria identified herein are characteristic of caves and,
in the Acidobacteria, Proteobacteria, and Actinobacteria cases, they are predominant bacterial communities
on volcanic terrain [72], as is the case with this cave, which is very close to the Chichonal volcano.
Currently, it is becoming widely understood that speleogenesis is induced by sulfuric acid, where
sulfuric acid causes the dissolution of limestone and results in the precipitation of gypsum, a fact
that has been implicated in the formation of numerous caves [8,9,12]. However, there are very few
studies on the role of bacteria in the speleogenesis induced by sulfuric acid and its metabolism in this
environment type.

5. Conclusions

To sum up, 20,901 reads of bacterial 165 rRNA gene sequences spanning V1-V3 hypervariable
regions corresponded to seven phyla: Proteobacteria, Firmicutes, Chloroflexi, Chlorobi, Bacteroidetes,
Actinobacteria and Acidobacteria. Proteobacteria phylum dominance could be due to the increased
presence of organic matter, not only of bat guano but also that caused by man and animals, directly
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or through infiltrations. For the UJAT5 sample, we generated 6691 reads, which, due to the
physicochemical characteristics (Table 1) and relative frequency obtained (Figure 4), could confirm
the presence of acidophilic Proteobacteria in VL caves. All the bacterial communities identified are
characteristic of caves, while Acidobacteria, Proteobacteria, and Actinobacteria are typical of volcanic
surface terrain.

Acknowledgments: Authors are grateful for the support provided by the Teacher Professional Development
Program, (PRODEP), Secretariat of Public Education (SEP), Mexico. We also acknowledge the National
Speleological Society, Inc. (NSS), CRC Press Taylor & Francis Group, USA and the American Society of
Ichthyologists and Herpetologists (ASIH) for his copyright permits on figures.

Author Contributions: R.G.-C. visualized and organized the study, participated in the sampling sites
determination, directed the molecular part of metagenomic DNA extraction, supervised the metagenomic DNA
preparation samples that were sent for pyrosequencing to laboratory services, and wrote the manuscript. G.D.
organized metadata for bioinformatic analysis. J.B. performed the metagenomic DNA extraction from UJAT1,
UJAT2, and UJAT3 samples. A.A. participated in the sequence alignment and bioinformatics analysis. R.M.
performed the sampling and metagenomic DNA extraction from UJAT4, UJAT5 and UJAT6 samples. R.R. verified
the integrity and purity of the metagenomic DNA obtained. M.G. organized the sampling process and defined the
selected sites according to the physicochemical parameters. ].G. performed the sampling.

Conflicts of Interest: The authors declare no conflict of interest.

References

1.  Groombridge, B.; Jenkins, M.D. World Atlas of Biodiversity: Earth’s Living Resources in the 21st Century;
UNEP-WCMC: Cambridge, UK; London, UK, 2002; pp. 3-30, ISBN 0-520-23668-8.

2. Malhi, Y,; Grace, ]. Tropical forests and atmospheric carbon dioxide. Trends Ecol. Evol. 2000, 15, 332-337.
[CrossRef]

3. Anantharaman, K.; Breier, J.A.; Dick, G.J. Metagenomic resolution of microbial functions in deep-sea
hydrothermal plumes across the Eastern Lau Spreading Center. ISME ]. 2016, 10, 225-239. [CrossRef]
[PubMed]

4.  Butler, R.A,; Laurance, W.F. New strategies for conserving tropical forests. Trends Ecol. Evol. 2008, 23, 469—-472.
[CrossRef] [PubMed]

5. Tobler, M.; Schlupp, I.; Heubel, K.U.; Riesch, R.; Garcia de Ledn, EJ.; Giere, O.; Plath, M. Life on the edge:
Hydrogen sulfide and the fish communities of a Mexican cave and surrounding waters. Extremophiles 2006,
10, 577-585. [CrossRef] [PubMed]

6.  Koleff, P; Urquiza-Haas, T.; Contreras, B. Prioridades de conservacion de los bosques tropicales de méxico:
Reflexiones sobre su estado de conservacion y manejo. Ecosistemas 2012, 21, 6-20.

7. Schabereiter-Gurtner, C.; Saiz-Jimenez, C.; Pinar, G.; Lubitz, W.; Rolleke, S. Altamira cave Paleolithic
paintings harbor partly unknown bacterial communities. FEMS Microbiol. Lett. 2002, 211, 7-11. [CrossRef]
[PubMed]

8.  Hose, L.D.; Palmer, A.N.; Palmer, M.V.; Northup, D.E.; Boston, PJ.; Duchene, H.R. Microbiology and
geochemistry in a hydrogen-sulphide-rich karst environment. Chem. Geol. 2000, 169, 399-423. [CrossRef]

9. Plath, M.; Tobler, M. Subterranean fishes of Mexico (Poecilia mexicana, Poeciliidae). In The Biology of
Subterranean Fishes; Trajano, E., Bichuette, M.E., Kapoor, B.G., Eds.; CRC Press Taylor & Francis Group:
Boca Raton, FL, USA, 2010; pp. 281-330, ISBN 978-1-57808-670-2.

10. Hose, L.D.; Pisarowicz, J.A. Cueva de Villa Luz, Tabasco, Mexico: Reconnaissance Study of an Active Sulfur
Spring Cave and Ecosystem. |. Cave Karst Stud. 1999, 61, 13-21.

11. Tomova, I.; Lazarkevich, I.; Tomova, A.; Kambourova, M.; Vasileva-Tonkova, E. Diversity and biosynthetic
potential of culturable aerobic heterotrophic bacteria isolated from Magura Cave, Bulgaria. Int. J. Speleol.
2013, 42, 65-76. [CrossRef]

12. Palacios-Vargas, ].G.; Castaiio-Meneses, G.; Estrada, D.A. Diversity and dynamics of microarthropods from
different biotopes of Las Sardinas cave (Mexico). Subterr. Biol. 2011, 9, 113-126. [CrossRef]

13.  Quezada, F; Roca, W.; Szauer, M.T.; Gémez, ].J.; Lopez, R. Biotecnologia para el uso sostenible de la biodiversidad.
Capacidades Locales y Mercados Potenciales; CAF-CEPAL: Vitacura, Santiago de Chile, Chile, 2005; pp. 28-34.


http://dx.doi.org/10.1016/S0169-5347(00)01906-6
http://dx.doi.org/10.1038/ismej.2015.81
http://www.ncbi.nlm.nih.gov/pubmed/26046257
http://dx.doi.org/10.1016/j.tree.2008.05.006
http://www.ncbi.nlm.nih.gov/pubmed/18656280
http://dx.doi.org/10.1007/s00792-006-0531-2
http://www.ncbi.nlm.nih.gov/pubmed/16788733
http://dx.doi.org/10.1111/j.1574-6968.2002.tb11195.x
http://www.ncbi.nlm.nih.gov/pubmed/12052543
http://dx.doi.org/10.1016/S0009-2541(00)00217-5
http://dx.doi.org/10.5038/1827-806X.42.1.8
http://dx.doi.org/10.3897/subtbiol.9.2514

Genes 2018, 9, 55 11 of 13

14.

15.

16.

17.

18.

19.

20.

21.

22.
23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

Kallmeyer, J.; Pockalny, R.; Adhikari, RR.; Smith, D.C.; D’'Hondt, S. Global distribution of microbial
abundance and biomass in subseafloor sediment. Proc. Natl. Acad. Sci. USA 2012, 109, 16213-16216.
[CrossRef] [PubMed]

Madsen, E.L. Identifying microorganisms responsible for ecologically significant biogeochemical processes.
Nat. Rev. Microbiol. 2005, 3, 439-446. [CrossRef] [PubMed]

Rondon, M.R.; August, PR; Bettermann, A.D.; Brady, S.F.; Grossman, T.H.; Liles, M.R.; Loiacono, K.A.;
Lynch, B.A.; MacNeil, I.A.; Minor, C.; et al. Cloning the soil metagenome: A strategy for accessing the
genetic and functional diversity of uncultured microorganisms. Appl. Environ. Microbiol. 2000, 66, 2541-2547.
[CrossRef] [PubMed]

Shah, N.; Tang, H.; Doak, T.G.; Ye, Y. Comparing bacterial communities inferred from 16S rRNA gene
sequencing and shotgun metagenomics. Pac. Symp. Biocomput. 2011, 165-176. [CrossRef]

Engel, A.S. Microbial Diversity of Cave Ecosystems. In Geomicrobiology: Molecular and Environmental
Perspective; Springer: Dordrecht, The Netherlands, 2010; pp. 219-238. [CrossRef]

Qvreds, L.; Torsvik, V. microbial diversity and community structure in two different agricultural soil
communities. Microb. Ecol. 1998, 36, 303-315. [CrossRef] [PubMed]

Warnes, G.R.; Bolker, B.; Gorjanc, G.; Grothendieck, G.; Korosec, A.; Lumley, T.; MacQueen, D.; Magnusson, A.;
Rogers, J.; et al. GData: Various R Programming Tools for Data Manipulation. R Package Version 2.13.2. 2013.
Available online: http:/ /cran.r-project.org/package=gdata (accessed on 6 January 2017).

DeLong, E.F,; Pace, N.R. Environmental diversity of bacteria and archaea. Syst. Biol. 2001, 50, 470—478.
[CrossRef] [PubMed]

Hough, D.W,; Danson, M.]. Extremozymes. Curr. Opin. Chem. Biol. 2000, 3, 39-46. [CrossRef]

Rosenberg, E.; DeLong, E.E; Lory, S.; Stackebrandt, E.; Thompson, E. The Prokaryotes: Prokaryotic Biology and
Symbiotic Associations; Springer: Berlin/Heidelberg, Germany, 2013; pp. 39-80. [CrossRef]

Cole, J.R.; Chai, B.; Farris, R.J.; Wang, Q.; Kulam, S.A.; McGarrell, D.M.; Garrity, G.M.; Tiedje, ].M.
The Ribosomal Database Project (RDP-II): Sequences and tools for high-throughput rRNA analysis.
Nucleic Acids Res. 2005, 33, 294-296. [CrossRef] [PubMed]

Kielak, A.; Barreto, C.; Kowalchuk, G.; van Veen, J.A.; Kuramae, E. The Ecology of Acidobacteria:
Moving beyond Genes and Genomes. Front. Microbiol. 2016, 7, 744. [CrossRef] [PubMed]

Rawat, S.R.; Mannisto, M.K,; Starovoytov, V.; Goodwin, L.; Hauser, M.N.L.; Land, M.; Davenport, KW.;
Woyke, T.; Higgblom, M.M. Complete genome sequence of Granulicella tundricola type strain MP5ACTX9T,
an Acidobacteria from tundra soil. Stand. Genom. Sci. 2014, 9, 449-461. [CrossRef] [PubMed]
Rosales-Lagarde, L.; Boston, PJ.; Campbell, A.R.; Hose, L.D.; Axen, G.; Stafford, K.W. Hydrogeology of
northern Sierra de Chiapas, Mexico: A conceptual model based on a geochemical characterization of
sulfide-rich karst brackish springs. Hydrogeol. ]. 2014, 22, 1447-1467. [CrossRef]

Simon, C.; Wiezer, A.; Strittmatter, A.W.; Daniel, R. Phylogenetic diversity and metabolic potential revealed
in a glacier ice metagenome. Appl. Environ. Microbiol. 2009, 75, 7519-7526. [CrossRef] [PubMed]

Gordon, M.S,; Rosen, D.E. A cavernicolous form of the Poecilid fish Poecilia sphenops from Tabasco, Mexico.
Copeia 1962, 2, 360-368. [CrossRef]

Relman, D.A. Universal bacterial 165 rDNA amplification and sequencing. In Diagnostic Molecular
Microbiology: Principles and Applications; Persing, D.H., Smith, T.F.,, Tenover, F.C., White, T.J., Eds.; ASM Press:
Washington, DC, USA, 1993; pp. 489-495.

Brown, M.V,; Philip, G.K,; Bunge, J.A.; Smith, M.C,; Bissett, A.; Lauro, EM.; Fuhrman, J.A.; Donachie, S.P.
Microbial community structure in the North Pacific Ocean. ISME . 2009, 3, 1374-1386. [CrossRef] [PubMed]
Huse, S.M.; Huber, ]J.A.; Morrrison, H.G.; Sogin, M.L.; Welch, D.M. Accuracy and quality of massively
parallel DNA pyrosequencing. Genome Biol. 2007, 8, R143. [CrossRef] [PubMed]

Wembheuer, B.; Taube, R.; Akyol, P.; Wemheuer, E; Daniel, R. Microbial diversity and biochemical potential
encoded by thermal spring metagenomes derived from the Kamchatka peninsula. Archaea 2013, 2013, 136714.
[CrossRef] [PubMed]

Oksanen, J.; Blanchet, F.G.; Friendly, M.; Kindt, R.; Legendre, P.; McGlinn, D.; Minchin, PR.; O'Hara, R.B.;
Simpson, G.L.; Solymos, P.; et al. Vegan: Community Ecology Package. R Package Version 1.17-8. 2011.
Available online: https:/ /cran.r-project.org/package=vegan (accessed on 6 January 2017).

Li, W.,; Godzik, A. Cd-hit: A fast program for clustering and comparing large sets of protein or nucleotide
sequences. Bioinformatics 2006, 22, 1658-1659. [CrossRef] [PubMed]


http://dx.doi.org/10.1073/pnas.1203849109
http://www.ncbi.nlm.nih.gov/pubmed/22927371
http://dx.doi.org/10.1038/nrmicro1151
http://www.ncbi.nlm.nih.gov/pubmed/15864265
http://dx.doi.org/10.1128/AEM.66.6.2541-2547.2000
http://www.ncbi.nlm.nih.gov/pubmed/10831436
http://dx.doi.org/10.1142/9789814335058_0018
http://dx.doi.org/10.1007/978-90-481-9204-5_10
http://dx.doi.org/10.1007/s002489900117
http://www.ncbi.nlm.nih.gov/pubmed/9852510
http://cran.r-project.org/package=gdata
http://dx.doi.org/10.1080/10635150118513
http://www.ncbi.nlm.nih.gov/pubmed/12116647
http://dx.doi.org/10.1016/S1367-5931(99)80008-8
http://dx.doi.org/10.1007/978-3-642-30123-0
http://dx.doi.org/10.1093/nar/gki038
http://www.ncbi.nlm.nih.gov/pubmed/15608200
http://dx.doi.org/10.3389/fmicb.2016.00744
http://www.ncbi.nlm.nih.gov/pubmed/27303369
http://dx.doi.org/10.4056/sigs.4648353
http://www.ncbi.nlm.nih.gov/pubmed/25197431
http://dx.doi.org/10.1007/s10040-014-1135-z
http://dx.doi.org/10.1128/AEM.00946-09
http://www.ncbi.nlm.nih.gov/pubmed/19801459
http://dx.doi.org/10.2307/1440903
http://dx.doi.org/10.1038/ismej.2009.86
http://www.ncbi.nlm.nih.gov/pubmed/19626056
http://dx.doi.org/10.1186/gb-2007-8-7-r143
http://www.ncbi.nlm.nih.gov/pubmed/17659080
http://dx.doi.org/10.1155/2013/136714
http://www.ncbi.nlm.nih.gov/pubmed/23533327
https://cran.r-project.org/package=vegan
http://dx.doi.org/10.1093/bioinformatics/btl158
http://www.ncbi.nlm.nih.gov/pubmed/16731699

Genes 2018, 9, 55 12 of 13

36.

37.

38.
39.

40.

41.

42.

43.

44.

45.

46.

47.

48.

49.

50.

51.

52.

53.

54.

55.

56.

Cole, J.R.; Wang, Q.; Cardenas, E.; Fish, J.; Chai, B.; Farris, R.J.; Kulam-Syed-Mohideen, A.S.; McGarrell, D.M.;
Marsh, T.; Garrity, G.M.; et al. The Ribosomal Database Project: Improved alignments and new tools for
rRNA analysis. Nucleic Acids Res. 2009, 37, D141-D145. [CrossRef] [PubMed]

Hobel, C.EV,; Marteinsson, V.T.; Hreggvidsson, G.O.; Kristjansson, ] K. Investigation of the microbial ecology
of intertidal hot springs by using diversity analysis of 165 rRNA and Chitinase genes. Appl. Environ. Microbiol.
2005, 71, 2771-2776. [CrossRef] [PubMed]

Rampelotto, PH. Extremophiles and Extreme Environments. Life 2013, 3, 482-485. [CrossRef] [PubMed]
Zimmermann, J.; Gonzalez, ] M.; Saiz-Jimenez, C.; Ludwig, W. Detection and phylogenetic relationships of
highly diverse uncultured acidobacterial communities in Altamira Cave using 23S rRNA sequence analyses.
Geomicrobiol. ]. 2005, 22, 379-388. [CrossRef]

Byrne, N.; Strous, M.; Crépeau, V.; Kartal, B.; Birrien, J.-L.; Schmid, M.; Lesongeur, F.; Schouten, S.;
Jaeschke, A.; Jetten, M.; et al. Presence and activity of anaerobic ammonium-oxidizing bacteria at deep-sea
hydrothermal vents. ISME ]. 2009, 3, 117-123. [CrossRef] [PubMed]

Jackson, C.R.; Langner, H.W.; Donahoe-Christiansen, J.; Inskeep, W.P.; McDermott, T.R. Molecular analysis
of microbial community structure in an arsenite-oxidizing acidic thermal spring. Environ. Microbiol. 2001, 3,
532-542. [CrossRef] [PubMed]

Lopez-Loépez, O.; Cerdan, M.E.; Gonzalez-Siso, M.I. Hot Spring Metagenomics. Life 2013, 2, 308-320.
[CrossRef] [PubMed]

Meyer-Dombard, D.R.; Shock, E.L.; Amend, J.P. Archaeal and bacterial communities in geochemically diverse
hot springs of Yellowstone National Park, USA. Geobiology 2005, 3, 211-227. [CrossRef]

Rashid, M; Stingl, U. Contemporary molecular tools in microbial ecology and their application to advancing
biotechnology. Biotechnol. Adv. 2015, 33, 1755-1773. [CrossRef] [PubMed]

Simon, C.; Daniel, R. Metagenomic analyses: Past and future trends. Appl. Environ. Microbiol. 2011, 77,
1153-1161. [CrossRef] [PubMed]

Ikner, L.A.; Toomey, R.S.; Nolan, G.; Neilson, ].W.; Pryor, B.M.; Maier, R M. Culturable microbial diversity
and the impact of tourism in Kartchner caverns, Arizona. Microb. Ecol. 2007, 53, 30-42. [CrossRef] [PubMed]
Torsvik, V.; Daae, FL.; Sandaa, R.A.; @vreds, L. Novel techniques for analyzing microbial diversity in natural
and perturbed environments. J. Biotechnol. 1998, 64, 53-62. [CrossRef]

Johnston, M.D.; Muench, B.A.; Banks, E.D.; Barton, H.A. Human urine in Lechuguilla cave:
The microbiological impact and potential for bioremediation. J. Cave Karst Stud. 2012, 74, 278-291. [CrossRef]
Hedrich, S.; Schlémann, M.; Johnson, D.B. The iron-oxidizing proteobacteria. Microbiology 2011, 157,
1551-1564. [CrossRef] [PubMed]

Jaspers, E.; Nauhaus, K.; Cypionka, H.; Overmann, ]J. Multitude and temporal variability of ecological
niches as indicated by the diversity of cultivated bacterioplankton. FEMS Microbiol. Ecol. 2001, 36, 153-164.
[CrossRef] [PubMed]

Fierer, N.; Morse, J.L.; Berthrong, S.T.; Bernhardt, E.S.; Jackson, R.B. Environmental controls on the
landscape-scale biogeography of stream bacterial communities. Ecology 2007, 88, 2162-2173. [CrossRef]
[PubMed]

Catao, E.C.P; Lopes, FA.C.; Aratjo, ].E,; de Castro, A.P,; Barreto, C.C.; Bustamante, M.M.C.; Quirino, B.F,;
Kriiger, R.H. Soil acidobacterial 16S rTRNA gene sequences reveal subgroup level differences between
Savanna-like cerrado and Atlantic forest brazilian biomes. Int. . Microbiol. 2014, 2014, 156341:1-156341:12.
Eichorst, S.A.; Breznak, J.A.; Schmidt, T.M. Isolation and Characterization of Soil Bacteria That Define
Terriglobus gen. nov., in the phylum Acidobacteria. Appl. Environ. Microbiol. 2007, 73, 2708-2717. [CrossRef]
[PubMed]

Kielak, A.; van Veen, ]J.A.; Kowalchuk, G.A. Comparative Analysis of Acidobacterial Genomic Fragments
from Terrestrial and Aquatic Metagenomic Libraries, with Emphasis on Acidobacteria Subdivision 6.
Appl. Environ. Microbiol. 2010, 76, 6769—-6777. [CrossRef] [PubMed]

Quaiser, A.; Ochsenreiter, T.; Lanz, C.; Schuster, S.C.; Treusch, A.H.; Eck, J.; Schleper, C. Acidobacteria form
a coherent but highly diverse group within the bacterial domain: Evidence from environmental genomics.
Mol. Microbiol. 2003, 50, 563-575. [CrossRef] [PubMed]

Basak, P; Majumder, N.S.; Nag, S.; Bhattacharyya, A.; Roy, D.; Chakraborty, A.; SenGupta, S.; Roy, A.;
Mukherjee, A.; Pattanayak, R.; et al. Spatiotemporal analysis of bacterial diversity in sediments of Sundarbans
using parallel 165 rRNA gene Tag sequencing. Microb. Ecol. 2015, 69, 500-511. [CrossRef] [PubMed]


http://dx.doi.org/10.1093/nar/gkn879
http://www.ncbi.nlm.nih.gov/pubmed/19004872
http://dx.doi.org/10.1128/AEM.71.5.2771-2776.2005
http://www.ncbi.nlm.nih.gov/pubmed/15870372
http://dx.doi.org/10.3390/life3030482
http://www.ncbi.nlm.nih.gov/pubmed/25369817
http://dx.doi.org/10.1080/01490450500248986
http://dx.doi.org/10.1038/ismej.2008.72
http://www.ncbi.nlm.nih.gov/pubmed/18670398
http://dx.doi.org/10.1046/j.1462-2920.2001.00221.x
http://www.ncbi.nlm.nih.gov/pubmed/11578314
http://dx.doi.org/10.3390/life3020308
http://www.ncbi.nlm.nih.gov/pubmed/25369743
http://dx.doi.org/10.1111/j.1472-4669.2005.00052.x
http://dx.doi.org/10.1016/j.biotechadv.2015.09.005
http://www.ncbi.nlm.nih.gov/pubmed/26409315
http://dx.doi.org/10.1128/AEM.02345-10
http://www.ncbi.nlm.nih.gov/pubmed/21169428
http://dx.doi.org/10.1007/s00248-006-9135-8
http://www.ncbi.nlm.nih.gov/pubmed/17186153
http://dx.doi.org/10.1016/S0168-1656(98)00103-5
http://dx.doi.org/10.4311/2011MB0227
http://dx.doi.org/10.1099/mic.0.045344-0
http://www.ncbi.nlm.nih.gov/pubmed/21511765
http://dx.doi.org/10.1111/j.1574-6941.2001.tb00835.x
http://www.ncbi.nlm.nih.gov/pubmed/11451519
http://dx.doi.org/10.1890/06-1746.1
http://www.ncbi.nlm.nih.gov/pubmed/17918395
http://dx.doi.org/10.1128/AEM.02140-06
http://www.ncbi.nlm.nih.gov/pubmed/17293520
http://dx.doi.org/10.1128/AEM.00343-10
http://www.ncbi.nlm.nih.gov/pubmed/20729323
http://dx.doi.org/10.1046/j.1365-2958.2003.03707.x
http://www.ncbi.nlm.nih.gov/pubmed/14617179
http://dx.doi.org/10.1007/s00248-014-0498-y
http://www.ncbi.nlm.nih.gov/pubmed/25256302

Genes 2018, 9, 55 13 of 13

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

70.

71.

72.

Daniel, R. The metagenomics of soil. Nat. Rev. Microbiol. 2005, 3, 470—-478. [CrossRef] [PubMed]

Terborgh, J. Diversity and the Tropical Rain Forest; Scientific American Library: New York, NY, USA, 1992;
242p, ISBN 0716750309.

Crocetti, G.R.; Banfield, J.F; Keller, J.; Bond, PL.; Blackall, L.L. Glycogen-accumulating organisms in
laboratory-scale and full-scale wastewater treatment processes. Microbiology 2002, 148, 3353-3364. [CrossRef]
[PubMed]

LaPara, T.M.; Nakatsu, C.H.; Pantea, L.; Alleman, J.E. Phylogenetic analysis of bacterial communities in
mesophilic and thermophilic bioreactors treating pharmaceutical wastewater. Appl. Environ. Microbiol. 2000,
66, 3951-3959. [CrossRef] [PubMed]

Martiny, A.C.; Albrechtsen, H.J.; Arvin, E.; Molin, S. Identification of bacteria in biofilm and bulk
water samples from a nonchlorinated model drinking water distribution system: Detection of a large
nitrite-oxidizing population associated with Nitrospira spp. Appl. Environ. Microbiol. 2005, 71, 8611-8617.
[CrossRef] [PubMed]

Dedysh, S.N.; Pankratov, T.A.; Belova, S.E.; Kulichevskaya, 1.S.; Liesack, W. Phylogenetic analysis and in situ
identification of bacteria community composition in an acidic Sphagnum peat bog. Appl. Environ. Microbiol.
2006, 72,2110-2117. [CrossRef] [PubMed]

Kishimoto, N.; Kosako, Y.; Tano, T. Acidobacterium capsulatum gen. nov., sp. nov.. An acidophilic
chemoorganotrophic bacterium containing menaquinone from acidic mineral environment. Curr. Microbiol.
1991, 22, 1-7. [CrossRef]

Smith, S.M.; Abed, RM.M.; Garcia-Pichel, F. Biological soil crusts of sand dunes in Cape Cod National
Seashore, Massachusetts, USA. Microb. Ecol. 2004, 48, 200-208. [CrossRef] [PubMed]

Schabereiter-Gurtner, C.; Saiz-Jimenez, C.; Pinar, G.; Lubitz, W.; Rolleke, S. Phylogenetic 165 rRNA analysis
reveals the presence of complex and partly unknown bacterial communities in Tito Bustillo cave, Spain, and
on its Palaeolithic paintings. Environ. Microbiol. 2002, 4, 392-400. [CrossRef] [PubMed]
Schabereiter-Gurtner, C.; Saiz-Jimenez, C.; Pinar, G.; Lubitz, W.; Rolleke, S. Phylogenetic diversity of bacteria
associated with Paleolithic paintings and surrounding rock walls in two Spanish caves (Llonin and La Garma).
FEMS Micrbiol. Ecol. 2004, 47, 235-247. [CrossRef]

Schloss, P.D.; Handelsman, J. Biotechnological prospects from metagenomics. Curr. Opin. Biotechnol. 2003,
14, 303-310. [CrossRef]

Zimmermann, J.; Gonzalez, ].M.; Saiz-Jimenez, C. Epilithic biofilms in Saint Callixtus Catacombs (Rome)
harbour a broad spectrum of Acidobacteria. Antonie Leeuwenhoek 2006, 89, 203—208. [CrossRef] [PubMed]
Ludwig, W.; Bauer, S.H.; Bauer, M.; Held, L.; Kirchhof, G.; Schulze, R.; Huber, L; Spring, S.; Hartmann, A.;
Schleifer, K.H. Detection and in situ identification of representatives of a widely distributed new bacterial
phylum. FEMS Microbiol. Lett. 1997, 153, 181-190. [CrossRef] [PubMed]

Meisinger, D.B.; Zimmermann, J.; Ludwig, W., Schleifer, K.H.; Wanner, G, Schmid, M.
Bennett, P.C.; Engel, AS.; Lee, N.M. In situ detection of novel Acidobacteria in microbial mats from
a chemolithoautotrophically based cave ecosystem (Lower Kane Cave, WY, USA). Environm. Microbiol.
2007, 9, 1523-1534. [CrossRef] [PubMed]

Kielak, A.; Pijl, A.S.; van Veen, J.A.; Kowalchuk, G.A. Phylogenetic diversity of Acidobacteria in a former
agricultural soil. ISME ]. 2009, 3, 378-382. [CrossRef] [PubMed]

Gomez-Alvarez, V.; King, G.M.; Nusslein, K. Comparative bacterial diversity in recent Hawaiian volcanic
deposits of different ages. FEMS Microbiol. Ecol. 2007, 60, 60-73. [CrossRef] [PubMed]

@ © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http:/ /creativecommons.org/licenses/by/4.0/).


http://dx.doi.org/10.1038/nrmicro1160
http://www.ncbi.nlm.nih.gov/pubmed/15931165
http://dx.doi.org/10.1099/00221287-148-11-3353
http://www.ncbi.nlm.nih.gov/pubmed/12427927
http://dx.doi.org/10.1128/AEM.66.9.3951-3959.2000
http://www.ncbi.nlm.nih.gov/pubmed/10966414
http://dx.doi.org/10.1128/AEM.71.12.8611-8617.2005
http://www.ncbi.nlm.nih.gov/pubmed/16332854
http://dx.doi.org/10.1128/AEM.72.3.2110-2117.2006
http://www.ncbi.nlm.nih.gov/pubmed/16517660
http://dx.doi.org/10.1007/BF02106205
http://dx.doi.org/10.1007/s00248-004-0254-9
http://www.ncbi.nlm.nih.gov/pubmed/15546040
http://dx.doi.org/10.1046/j.1462-2920.2002.00303.x
http://www.ncbi.nlm.nih.gov/pubmed/12123475
http://dx.doi.org/10.1016/S0168-6496(03)00280-0
http://dx.doi.org/10.1016/S0958-1669(03)00067-3
http://dx.doi.org/10.1007/s10482-005-9020-3
http://www.ncbi.nlm.nih.gov/pubmed/16496090
http://dx.doi.org/10.1111/j.1574-6968.1997.tb10480.x
http://www.ncbi.nlm.nih.gov/pubmed/9252585
http://dx.doi.org/10.1111/j.1462-2920.2007.01271.x
http://www.ncbi.nlm.nih.gov/pubmed/17504489
http://dx.doi.org/10.1038/ismej.2008.113
http://www.ncbi.nlm.nih.gov/pubmed/19020558
http://dx.doi.org/10.1111/j.1574-6941.2006.00253.x
http://www.ncbi.nlm.nih.gov/pubmed/17381525
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Environmental Sampling and DNA Extraction for Metagenomic Analysis 
	Pyrosequencing and Sequence Analysis 

	Results 
	Samples and Chemical Properties 
	Bacterial Diversity Distribution 
	Proteobacteria 
	Firmicutes 
	Others 


	Discussion 
	Conclusions 
	References

