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In this study the archaeal communities in extreme saline-alkaline soils of the former lake Texcoco, Mexico, with electrolytic
conductivities (EC) ranging from 0.7 to 157.2 dS/m and pH from 8.5 to 10.5 were explored. Archaeal communities in the 0.7 dS/m
pH 8.5 soil had the lowest alpha diversity values andwere dominated by a limited number of phylotypes belonging to themesophilic
Candidatus Nitrososphaera. Diversity and species richness were higher in the soils with EC between 9.0 and 157.2 dS/m. The
majority of OTUs detected in the hypersaline soil were members of the Halobacteriaceae family. Novel phylogenetic branches
in the Halobacteriales class were detected in the soil, and more abundantly in soil with the higher pH (10.5), indicating that
unknown and uncharacterized Archaea can be found in this soil. Thirteen different genera of the Halobacteriaceae family were
identified and were distributed differently between the soils. Halobiforma, Halostagnicola, Haloterrigena, and Natronomonas were
found in all soil samples. Methanogenic archaea were found only in soil with pH between 10.0 and 10.3. Retrieved methanogenic
archaea belonged to theMethanosarcinales andMethanomicrobiales orders.The comparison of the archaeal community structures
considering phylogenetic information (UniFrac distances) clearly clustered the communities by pH.

1. Introduction

Hypersaline environments are found in natural or anthro-
pogenic aquatic or terrestrial habitats in most parts of
the world [1]. Athalassohaline and thalassohaline aquatic
systems, saline deserts, solonchaks, solar salterns, and former
lakebeds are examples of them. Cultivation- and molecular-
based studies have been used to reveal the diversity of bacte-
rial and archaeal communities in hypersaline environments
[2–6]. In such hypersaline habitats, the archaeal community
dominates the microbial population [1, 7]. The majority of
the Archaea identified in such environments belong to the
Halobacteriales [7].

Soda lakes are exceptional hypersaline (up to saturation)
aquatic habitats that have simultaneously an extreme alkaline
pH. Several soda lakes from around the world have been
studied [8–12]. Novel Archaea have been isolated from these

soda lakes bettering our understanding of the physiology,
ecology, and distribution of polyextremophiles, such as the
haloalkaliphiles [13].Their terrestrial counterparts, for exam-
ple, soda desert, however, remain largely unexplored and we
still have an inadequate understanding of terrestrial Archaea
[7, 14]. Previous studies on Archaea in hypersaline soil
focused often on one salinity level [1, 13, 15]. Consequently,
our understanding of how a salinity gradient affects archaeal
diversity and their functionality is limited.

The soil of the former lake Texcoco (Mexico) is a unique
extreme-haloalkaline terrestrial ecosystem formed from vol-
canic ash deposited in situ in a lacustrine environment
covered recently by colluvial materials. The lake Texcoco
covered 50% of the original lakes around the Aztec city
of Tenochtitlan (current day Mexico City). The lakes were
drained since the 17th century, and, nowadays, it is a large
area of lacustrine bed exposed to desertification [16]. Since
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Table 1: Some physical-chemical characteristics of soils from the former lake Texcoco.

Soil sampling site ECa

(dS/m) pH WHCb Total N Total C Particle size distribution
Clay Silt Sand

(g/kg soil)
TX 1 0.7 8.5 851 1.9 32.8 127 247 623
TX 2 9.0 10.3 1046 1.3 23.2 270 341 181
TX 3 84.8 10.5 1120 0.9 16.7 653 270 77
TX 4 139.1 10.3 850 0.9 22.6 332 216 462
TX 5 143.7 10.0 923 0.9 30.9 332 92 576
TX 6 157.2 10.2 747 1.4 46.7 478 131 391
aEC: electrolytic conductivity; bWHC: water holding capacity.

the beginning of the 1970s, a hydraulic drainage system has
been installed and the soil irrigated with wastewater effluent
to reduce the salt content and pH so that the former lakebed
can be vegetated. The artificial drainage together with the
variability inherent of the former lakebed has generated a
heterogenic soil [16]. According to the FAO soil classification
[17], a very strong saline soil has an electrolytic conductivity
(EC) > 16 dS/m. Soils with EC 16.3 dS/m have been described
in other studies as “extremely saline soils” [18]; the EC in
soil of Texcoco can reach 100 dS/m and the pH can be as
high as 10.5 [16]. Culture-based studies with soil of former
lake Texcoco have yielded a number of novel prokaryotic
species, that is, the Archaea Natronobacterium texcoconens𝑒T
and Natronorubrum texcoconens𝑒T and the Bacteria Texco-
conibacillus texcoconensi𝑠T [19–21]. Valenzuela-Encinas et al.
[22–24] first studied the bacterial and archaeal communities
using cloned sequences of the 16S rRNA gene. It was found
that in the soil with EC 159 dS/m and pH 10.5 more than
95% of the clones were affiliated with members of the family
Halobacteriaceae belonging to phylum Euryarchaeota [22],
while in the drained soil with EC 0.68 dS/m and pH 7.8
most of the cloned Archaea were related to mesophilic
Crenarchaeota and were not-yet-cultured [24]. Few studies
described the microbial community in the remaining lake
[25, 26].

It is most likely that the soil of the former lake Texcoco
harbors more novel archaeal species with unique characteris-
tics. However, the extent towhich new archaeal species can be
found in this environment has not been determined. In this
study, archaeal-specific primers combined with taxon-based
and phylogenetic approaches were used to investigate and
identify archaeal diversity patterns in soil from the former
lake Texcoco with different EC (0.7–157.2 dS/m) and pH (8.5–
10.5).

2. Material and Methods

2.1. Site Description and Soil Sampling. The sampling site
is located in the former lake Texcoco (northern latitude
19∘2946, western longitude 98∘5801) in the State of
Mexico, Mexico, at an altitude of 2240m.a.s.l., with a mean
annual temperature of 16∘C andmean annual precipitation of
705mm. Soil was sampled from six different locations with

different EC and pH. At each location, the 0–10 cm soil layer
was sampled five times from three 20m2 areas with a small
hand spade in August 2013. The soil collected from each
area was pooled separately so that eighteen soil samples were
obtained. The soil samples were taken to the laboratory in a
black polyethylene bag kept on ice.The eighteen sampleswere
5mm sieved separately under aseptic conditions.The soil was
characterized and a 25 g subsample was stored at −20∘C for
less than three weeks until extracted for DNA.

Soil pHwasmeasured in 1 : 2.5 soil-H
2
Osuspension using

a glass electrode [27]. The EC was measured according to
the saturated paste method [28]. The total carbon (TOC)
in soil was determined by oxidation with K

2
Cr
2
O
7
and

trapping the evolved CO
2
in NaOH, followed by titration

with 0.1M HCl [29]. Total nitrogen (TN) was measured by
the Kjeldahl method [30] and soil particle size distribution
by the hydrometer method as described by Gee and Bauder
[31]. The water holding capacity (WHC) was measured on
soil samples water-saturated in a funnel and left to stand
overnight (Table 1).

2.2. DNA Isolation and PCR-Amplification of Archaeal 16S
rRNA Genes. Metagenomic DNA was extracted from soil
samples using the Power Soil DNA Isolation Kit (MO
BIO Laboratories, CA, USA) following the manufacturer’s
instructions. The V1–V3 region (about 550 bp) of archaeal
16S rRNA gene was chosen for amplification and subsequent
pyrosequencing. The DNA samples were amplified using the
set of archaeal primers 25F 5-CYG GTT GAT CCT GCC
RG-3 [32] and A571R 5-GCT ACG GNY SCT TTA RGC-3
[33]. Each ribosomal primer set was flanked by a 454-adapter
sequence. A 10-nucleotide tag was incorporated between the
454-adapter and the forward primer for sample identification
among mixed amplicon libraries. PCR products per soil
sample were amplified in triplicate with a 30-cycle-based
protocol, pooled, and purified using the DNA Clean and
Concentrator Columns (Zymo Research, Irvine, CA, USA).
Each library was quantified using NanoDrop 2000 (Thermo
Fisher Scientific Inc., Suwanee, GA, USA) andmixed in equal
amount. Sequencing was done unidirectionally by Macrogen
Inc. (Seoul, Korea) using the Roche 454 GS-FLX Titanium
(Roche 454 Life Sciences, Branford, CT, USA).
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2.3. Pyrosequencing Reads Processing. Sequences were pro-
cessed for quality, barcode sorting, and denoising through the
QIIME pyrosequencing pipeline (http://qiime.org/). Briefly,
reads shorter than 250 nt, with quality scores less than 25,
or containing errors in adaptors and primers were discarded.
Onemismatch was allowed in the barcode sequence. Denois-
ing of the reads was done with the script denoise wrapper.py
using the barcode-sorted libraries and the standard flowgram
format (SFF) files as inputs [34]. Sequences are available at the
Sequence Read Archive (SRA) under the accession number
SRP041362.

The screened sequences were used to determine de novo
operational taxonomic units (OTUs) at 97% cut-off with the
script pick de novo otus.py. One representative sequence for
each OTU was chosen, and potentially chimeric sequences
were detected using ChimeraSlayer [35] and removed from
the representative sequences dataset.

2.4. Taxon-Based and Phylogenetic Analyses. The taxonomic
assignments were done with the näıve Bayesian rRNA clas-
sifier from the Ribosomal Data Project (http://rdp.cme.msu
.edu/classifier/classifier.jsp) and the Greengenes reference
database at a confidence threshold of 80% [36]. The
obtained biological observation matrix (BIOM) table was
rarefied to 1,200 reads to avoid bias in diversity anal-
ysis by differences in sampling-sequencing effort (Fig-
ure S1) (see Supplementary Material available online at
http://dx.doi.org/10.1155/2015/646820). Diversity (Shannon,
Simpson, and Phylogenetic diversity indices) and species
richness estimator Chao1 were calculated using the rar-
ified datasets within QIIME pipeline using the script
alpha rarefaction.py. The relative abundance was calculated
forOTUand genus-taxonomic level in each sample. Variables
in the tables of occurrence with no normal distribution were
log transformed.

A network plot representing the presence of the OTUs in
the soil samples was done. OTUs and samples are designated
as two types of nodes in a bipartite graph in which OTU-
nodes are connected via edges to sample-nodes. Edge weights
are defined as the number of sequences in a given OTU. To
cluster the OTUs and samples in the network, a stochastic
spring-embedded algorithm implemented in Cytoscape ver-
sion 3.0.2 was used [37].

The representative sequence dataset was aligned at a
minimum percent sequence identity of 75% using PyNast
[38]. Sequences that could not be aligned were removed.
Bootstrapped neighbor joining phylogenetic trees were con-
structed with evolutionary distances obtained by a Maxi-
mum Likelihood approach within the QIIME pipeline [39].
Phylogenetic information was also used to calculate pair-
wise UniFrac distance matrices using weighted data within
QIIME. Cluster analyses were done using the UniFrac pair-
wise distance matrix using Unweighted Pair Group Method
with ArithmeticMean (UPGMA). Robustness determination
of individual UPGMA clusters was performed by comparing
rarefied UPGMA trees to either (full or consensus) tree for
jackknife support of tree nodes. Canonical Correspondence
Analysis (CCA) was used to summarize overall relationships
among environmental variables and the observed species

assemblages. The CCA was run in R (vegan package (http://
cran.r-project.org/web/packages/vegan/index.html)).

3. Results

The sequencing of eighteen libraries yielded 75,727 V1–V3
archaeal 16S rRNA raw sequence reads, with an average
length of 486 nt. After quality filtering, denoising, and
chimera detection, a total of 1477 de novo OTUs (3% cut-
off) were found. Five different parameters of alpha diversity,
that is, Chao1 richness estimator, observed OTUs, phyloge-
netic diversity, and Shannon and Simpson indices, exhibited
different patterns in terms of diversity and species richness
depending on the EC or pH values in extremely saline and
alkaline soils (Figure 1). The lowest diversity was found in
the soil with the least extreme environmental conditions,
that is, EC 0.7 dS/m and pH 8.5. The highest values for
species richness, phylogenetic diversity, and heterogeneity
were found in soil with EC 157.2 dS/m and pH 10.2. The
archaeal communities in the soil with higher salinity and
alkalinity had a similar evenness as determined by the
Simpson index.

A summary of the taxonomic distribution of the soil
archaeal communities at different taxonomic ranks can be
found in Figure 2. The taxonomic assemblages showed
important differences. While more than 99% of the OTUs in
the 0.7 dS/m and pH 8.5 soil belonged to the Crenarchaeota
phylum, only between 0.005 and 10% were found in the
other soils.The Euryarchaeota phylum dominated in the soils
with higher salinity and alkalinity (69.8–97.9% of all OTUs).
Within the Euryarchaeota phylum, Halobacteria, Metha-
nomicrobia, and Thermoplasmata were identified, with the
Halobacteria as the most abundant (69.7–97.8%).

At lower taxonomic levels, nine orders, 12 families, and
28 genera were identified. A more detailed summary of
the genus distribution can be found in Table 2. The largest
relative abundance of Crenarchaeota was found in soil with
EC 0.7 dS/m and pH 8.5 (99%) and soil with EC 84.8 dS/m
and pH 10.5 (10%). However, different groups dominated
them. Candidatus Nitrososphaera dominated in soil with EC
0.7 dS/m and pH 8.5 and members of the Cenarchaeaceae
family in the 84.8 dS/m and pH 10.5 soil. Only some of the
OTUs belonging to the Halobacteriaceae family could be
assigned to genus levels and the archaeal communities had
different distributions considering these genera (Table 2).
Thirteen different Halobacteriaceae genera were detected in
the soils. The genera with more than 0.5% of the OTUs were
Halobiforma, Halorhabdus, Halostagnicola, Haloterrigena,
Natronococcus, and Natronomonas. Methanogenic Archaea
were found only in soil with pH values between 10.0 and 10.3.

Many of the detected genera were found in all soil
samples, that is, Candidatus Nitrososphaera, Halobiforma,
Halostagnicola, Haloterrigena, Natronomonas, and members
of Thermoplasmata. Natronococcus, Halorhabdus, Haloferax,
and members of the family Cenarchaeaceae were found in
soil with EC > 9.0 dS/m (Figure 3(a)). The genera detected
in soil with EC > 84.8 dS/m were Natronorubrum, EC >
139.1 dS/mMethanolobus, EC > 143.7 dS/mMethanospirillum
andMethanosaeta, andHalosimplex detected uniquely in soil
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Figure 1: Boxplots of the alpha diversity parameters of the archaeal communities in alkaline-saline soils of the former lake Texcoco with
different electrolytic conductivity and pH.
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Figure 2: Taxonomic distribution at different ranks of the archaeal communities in alkaline-saline soils of the former lake Texcoco. Soils are
different in electrolytic conductivity and pH.

with EC 157.2 dS/m. At the OTU level, the network analysis
also revealed a low number of OTUs unique to a given
EC (Figure 3(b)). In this analysis the length of the edges is
weighted by the abundance of the OTUs. The soil with EC
0.7 dS/m and pH 8.5, as well as EC 9.0 dS/m and pH 10.0,
harborsOTUswith a high relative abundance not sharedwith
the other soil samples. OTUs ofHalosimplex, found uniquely
in the soil with EC 157.2 dS/m, were not highly evident in the
network analysis because of their low abundance.

Comparing the archaeal communities considering the
OTUs distribution combined with phylogenetic information
(Figure 4), the jackknifed cluster analysis identified three

groups of archaeal communities: (i) soil with EC0.7 dS/mand
pH 8.5; (ii) soil with 9.03–157.2 dS/m and pH 10–10.3; and (iii)
soil with EC 84.8 dS/m and pH 10.5.The canonical correlation
analysis considering soil characteristics (Figure 5) revealed
also three groups: (i) soil with EC 0.7, 143, and 157.2 dS/m;
(ii) soil with EC 9.03 and 139.1 dS/m; and (iii) soil with EC
84.8 dS/m.

4. Discussion

In this study, the archaeal diversity was investigated in six
soils from the same area, but with different EC and pH
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Figure 3: Shared taxonomic groups and operational taxonomic units (OTUs) at 97% cut-off in alkaline-saline soils of the former lake Texcoco
with different electrolytic conductivity and pH. (a) Venn diagrams of cooccurrence of taxonomic groups. (b) Network plot of occurrence of
OTUs. OTU-nodes (white circles) are connected via edges (lines) to sample-nodes (large circles) in which their sequences are found. Edge
weights (lines’ length) are defined as the number of sequences in an OTU.
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Table 2: Relative abundance of the taxonomic affiliations at genus level of the archaeal communities of soils from the former lake Texcoco.

Taxonomic group Electrolytic conductivity (dS/m)
0.7 9.0 84.8 139.1 143.7 157.2

Candidatus Nitrososphaera 99.09 (0.10)a 0.13 (0.09) 0.08 (0.02) 0.14 (0.05) 0.04 (0.02) 0.01 (0.01)
Cenarchaeaceaeb 0 1.06 (0.60) 9.10 (4.48) 0.02 (0.01) 0.29 (0.14) 0.01 (0.01)
Cenarchaeum 0 0.01 (0.01) 0.05 (0.02) 0 0.01 (0.01) 0
Crenarchaeota MCGp GrfC26 0 0.08 (0.04) 0 0 0 0
Crenarchaeota MHVG 0 0.26 (0.18) 0.16 (0.12) 0 0.01 (0.01) 0
Halalkalicoccus 0 0.01 (0.00) 0 0 0 0
Halobacteriaceaeb 0.09 (0.04) 36.83 (4.79) 63.40 (10.57) 40.97 (10.54) 46.16 (11.30) 48.42 (1.66)
Halobacteriaceae XKL75 0 0.01 (0.01) 0.01 (0.01) 0.02 (0.02) 0 0.02 (0.02)
Halobacteriales MSP41 0 0 0 0.07 (0.04) 0.01 (0.01) 0.16 (0.06)
Halobiforma 0.01 (0.01) 3.17 (1.56) 0.43 (0.04) 8.39 (3.50) 6.23 (2.82) 2.58 (0.17)
Haloferax 0 0.18 (0.09) 0.01 (0.01) 0.02 (0.02) 0.03 (0.02) 0.03 (0.02)
Halogeometricum 0.01 (0.01) 0 0 0 0 0
Halorhabdus 0 0.40 (0.04) 0.43 (0.07) 0.51 (0.30) 0.83 (0.56) 2.44 (0.85)
Halorubrum 0 0.03 (0.03) 0.01 (0.01) 0 0.03 (0.02) 0.01 (0.01)
Halosimplex 0 0 0 0 0 0.01 (0.00)
Halostagnicola 0.02 (0.01) 5.41 (2.19) 0.13 (0.06) 3.14 (0.86) 2.90 (1.53) 1.73 (0.17)
Haloterrigena 0.01 (0.01) 4.11 (1.48) 0.40 (0.05) 9.77 (2.26) 6.72 (1.11) 8.68 (2.70)
Methanoculleus 0 0 0 0 0.01 (0.01) 0
Methanolobus 0 0.06 (0.04) 0 0.01 (0.01) 0 0
Methanomethylovorans 0 0 0 0 0.01 (0.01) 0
Methanosaeta 0 0 0 0.01 (0.01) 0.01 (0.01) 0
Methanosarcina 0 0.01 (0.01) 0 0 0 0
Methanospirillum 0 0 0 0.02 (0.02) 0.01 (0.01) 0
Natrialba 0 0.01 (0.01) 0 0.04 (0.03) 0 0.01 (0.01)
Natronococcus 0 19.90 (4.57) 0.68 (0.26) 16.38 (5.58) 20.40 (8.13) 15.87 (0.26)
Natronomonas 0.01 (0.01) 3.32 (0.80) 1.29 (0.16) 1.23 (0.52) 2.00 (0.67) 4.96 (1.00)
Natronorubrum 0 0 0.01 (0.01) 0 0 0.10 (0.10)
Nitrosopumilus 0 0.20 (0.13) 1.80 (0.86) 0 0.06 (0.04) 0
Other Cenarchaeaceaec 0 0.01 (0.01) 0.18 (0.07) 0 0.03 (0.03) 0
Other Halobacteriaceaec 0.01 (0.01) 11.37 (1.08) 1.28 (0.23) 15.94 (3.20) 11.76 (1.29) 11.27 (0.53)
Thermoplasmata E2 0.08 (0.05) 0.59 (0.30) 0.13 (0.09) 0.54 (0.08) 0.14 (0.12) 0.26 (0.16)
aNumbers in parenthesis are standard errors.
bOTUs with not enough sequence information to reach a deeper taxonomic assignation.
cNovel groups not classified yet.

(0.7–157.2 dS/m and 8.5–10.5). Taxon-based and phylogenetic
analyses revealed that the archaeal community in soil with
EC 0.7 dS/m and pH 8.5 resembled those found in neu-
tral and nonsaline soils, that is, two or three dominant
phylotypes belonging to the mesophilic Crenarchaeota [2–
4, 40]. Diversity and species richness were lowest in this soil.
Remarkably, archaeal communities from soils with extremely
higher values of EC and pH exhibited the largest alpha
diversity. It has been reported that environments with greater
temporal fluctuations in salinity showed a larger archaeal
diversity and species richness [7]. This phenomenon is also
observed in terrestrial ecosystem as the soil of the former
Lake Texcoco, which is not changing but heterogenic.

Phylogenetic analyses revealed that the dominatingOTUs
in soil with EC 0.7 dS/m and pH 8.5 were assigned as
Candidatus Nitrososphaera belonging to the Crenarchaeotal

group 1.1b or soil Crenarchaeotal group, a deeply divergent
clade distantly related to hyperthermophiles [40], and from
the recently suggestedThaumarchaeota phylum [41]. Crenar-
chaeota from the 1.1a and 1.1b groups are thought to play an
important role in the nitrogen cycle in soil and planktonic
marine systems as ammonium oxidizers [42].

As was expected, the majority of the OTUs detected in
the highly haloalkaline soils were members of the Halobacte-
riaceae family (belonging to the monophyletic class Halobac-
teria). Halobacteriales dominate organic matter degradation
in hypersaline environments [43]. Pure isolates of halophilic
Archaea, belonging to the class Halobacteria, include cur-
rently 38 genera [7], and, considering that the haloalkaliphilic
Archaea are physiologically distinct Haloarchaea, 13 genera
were detected in this study. Taxonomic assignation revealed
that the most abundant genera in soils of the former lake
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Texcoco were Natronococcus and Natronomonas. Natrono-
coccus genus was one of the first described haloalkaliphilic
Archaea [44] and comprisesmoderate halophilic species with
a growth range between 1.5 and 5 [Na+]M, 6.5–10 pH, and
22–50∘C [45].

Venn diagrams revealed that Halobiforma, Halostagni-
cola, Haloterrigena, and Natronomonas were found in all
soil samples. This indicates two possibilities: (i) these gen-
era possess the capacity to survive in soils with highly
variable salt contents (ii) and/or possess a great dispersal
capacity. Likewise, unique diversity was found, being more
abundant in the soil with the lowest (0.7 dS/m) EC and
9.0 dS/m, indicating archaeal populations adapted to the
specific conditions of each soil. Haloalkaliphilic adaptations
requiremodifications of the intracellular components, that is,
specialized protein amino acid compositions to maintain sol-
ubility, structural flexibility, and water availability necessary
for enzyme function [1, 46, 47]. These specific adaptations
narrowed the ability of some Archaea to grow in different
environmental conditions. Certainly, the shared and unique
genera identified in this study contain haloalkaliphilic species
that are known to grow strictly in haloalkaline conditions.
However, 36.6% to 63.4% of the OTUs found in soil with EC
9.0–157.2 dS/m were assigned as Halobacteriaceae members
but could not be assigned to the genus level. A phylogenetic
analysis (Figure S2) placed the OTUs between the cultured
Halobacteria species or they represented deep phylogenetic

branches within the Halobacteriales. This indicates that a
largely unexplored archaeal population existed in the het-
erogeneous extreme saline-alkaline soil. The same results
have been reported in other ecological studies of Archaea
where the retrieved OTUs did not have close relatives in
public databases [7, 48]. It is possible that the databases are
still biased to the few dominant species with widespread
geographical distribution and widely reported [15, 49, 50].
Metagenomic analyses frequently rely on the assumption that
undiscoveredmicroorganisms will have a degree of similarity
to those already known, creating a potential bias against novel
phylotypes. There is still a need for community genomics
and de novo sequence assembly to determine the biological
diversity in extreme environments as used in this study, that
is, a soil with EC 157.2 dS/m and pH 10.5. The discovery of
novel microorganisms is a major incentive driving metage-
nomic investigations in many habitats worldwide. The soil of
the former lake Texcoco is a promising and an exceptional
ecosystem. It has the potential to yield new genes and species
and might be a source of new biomolecules.

Retrieved sequences belonging to methanogenic
Archaea were identified as Methanolobus, Methanosaeta,
Methanomethylovorans and Methanosarcina (Methanosar-
cinales), and Methanoculleus and Methanospirillum (Metha-
nomicrobiales). The methanogenic Archaea isolated
or detected through molecular approaches (16S rRNA
and/or mcrA gene sequence analysis) from haloalkaline
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environments include the genera, for example, Methano-
bacterium, Methanocalculus, Methanoculleus, Methanolobus,
Methanosalsum, and Methanosarcina [1, 51–54]. Pure
cultures of some alkaliphilic methanogenic Archaea are able
to grow up to pH 10.2 [55], while in sediment of soda lakes
methanogenic activity was found within the alkaline pH
range between 8 and 10.5 [56]. In general, the methanogenic
Archaea distribution in this study was more delimited
as they were detected only in soil with pH 10.0–10.3 and
Methanosarcina only in soil with EC 9.0 dS/m and pH 10.
Methanogenic Archaea are of great biotechnological interest
due to their use in wastewater treatment and, recently,
biogas production [11]. However, their strictly anaerobic
physiology has restricted their isolation at haloalkaline
environments such as soda lake sediments. Inoculum for
reactors of methane production from soda lake sediments
showed lower yields using acetate or hydrogen as substrates
because methanogens compete for the electron donors
with other anaerobes, such as sulfate and sulfur reducers,
also present in the inoculum [11, 57]. The haloalkaliphilic
archaeal communities in soil of the former lake Texcoco
might be a good source to isolate these Archaea with this
biotechnological purpose.

Species richness of the archaeal communities was similar
for different Texcoco soils. However, their abundance was
highly different. The comparison of the archaeal community
structures considering phylogenetic information (UniFrac
distances) clustered the communities by pH rather than
EC. It was previously suggested that environments with
regular salinity fluctuations might allow the coexistence of
archaeal members with a wide range of salt-tolerance, that
is, halotolerant, halophilic, and nonhalophilic [7]. Their dis-
tribution might be determined by other soil characteristics,
for example, pH and/or WHC. When considering the taxo-
nomic distributions and soil characteristics, Crenarchaeota
and Thermoplasmata, as well as size particle distribution,
separated the archaeal communities. It was believed, until
recently, that archaeal ecology was restricted to extreme envi-
ronments. However, newmolecular tools have been revealing
the hidden, wide, and ubiquitous diversity of the Archaea
domain. It was hypothesized that “archaeal communitieswere
more similar within habitats than among habitats” when
comparing broad environmental gradients and habitat types
[2].The archaeal domain is certainly ubiquitous, but Archaea
have developed very specialized functions depending on the
physical and chemical characteristics of their environments.
In the same terrestrial area, but with different values of
pH and EC, it is highly probable that archaeal populations
participate in completely different biogeochemical processes.
While in nonsaline soils well recognized ammonium oxidiz-
ers were detected (clade 1.1b and Thaumarchaeota), in saline
and hypersaline soils Archaea with organic matter recycling
capabilities were found (Halobacteriales).

5. Conclusion

Phylogenetic and taxon-based analyses revealed the follow-
ing: (i) Archaeal diversity and species richness in the soil

with EC ranging from 9.0 to 157.2 dS/m were higher than
in soil with EC 0.7 dS/m. (ii) The identified Halobacteri-
ales genera have, generally, haloalkaliphilic representatives
(Halalkalicoccus, Halobiforma, Halorubrum, Halostagnicola,
Haloterrigena, Natrialba, Natronococcus, Natronomonas, and
Natronorubrum). (iii) Novel phylogenetic branches in the
Halobacteriales class were found in the soil with EC 9.0–
157.2 dS/m indicating that unknown and uncharacterized
Archaea can be found in these poorly characterized hyper-
haloalkaline soils. (iv) OTUs related with methanogenic
Archaea were found only in soil with pH 10.0–10.3. (v) Most
of the OTUs were ubiquitous, but their distribution was
different. (vi) Archaeal community structures considering
phylogenetic information were correlated with pH. (vii) The
archaeal populations were well defined by soil conditions.

Conflict of Interests

The authors declare that there is no conflict of interests
regarding the publication of this paper.

Acknowledgments

This research was funded by Cinvestav. Yendi E. Navarro-
Noya received a postdoctoral grant from “Consejo Nacional
de Ciencia y Tecnologı́a” (CONACYT) and ABACUS and
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Borgne, and L. Fernández, “Phylogenetic analysis of bacterial
populations in waters of the former Texcoco Lake, Mexico,”
Canadian Journal of Microbiology, vol. 50, no. 12, pp. 1049–1059,
2004.

[27] G. W. Thomas, “Soil pH and soil acidity,” in Methods of Soil
Analysis: Chemical Methods Part 3, D. L. Sparks, Ed., pp. 475–
490, Soil Science Society of America Inc., American Society of
Agronomy Inc., Madison, Wis, USA, 1996.

[28] W. C. Dahnke and D. A. Whitney, “Measurement of soil
salinity,” in Recommended Chemical Soil Test Procedures for the
North Central Region, W. C. Dahnke, Ed., pp. 32–34, North
Dakota Agricultural Experiment Station Bulletin 499, Fargo,
ND, USA, 1988.

[29] M. Amato, “Determination of carbon 12C and 14C in plant and
soil,” Soil Biology and Biochemistry, vol. 15, no. 5, pp. 611–612,
1983.

[30] J. M. Bremner, “Total nitrogen,” in Methods of Soil Analysis
Chemical Methods Part 3, D. L. Sparks, Ed., pp. 1085–1122, Soil
Science Society of America, American Society of Agronomy,
Madison, Wis, USA, 1996.

[31] G. W. Gee and J. W. Bauder, “Particle size analysis,” inMethods
of soil Analysis, Part 1: Physical and Mineralogical Methods,
A. Klute, Ed., pp. 383–411, Soil Science Society of America,
American Society of Agronomy, Madison, Wis, U.S.A, 1986.

[32] M. A. Dojka, P. Hugenholtz, S. K. Haack, and N. R. Pace,
“Microbial diversity in a hydrocarbon- and chlorinated-solvent-
contaminated aquifer undergoing intrinsic bioremediation,”
Applied and Environmental Microbiology, vol. 64, no. 10, pp.
3869–3877, 1998.

[33] G. C. Baker, J. J. Smith, and D. A. Cowan, “Review and re-
analysis of domain-specific 16S primers,” Journal of Microbio-
logical Methods, vol. 55, no. 3, pp. 541–555, 2003.

[34] J. Reeder and R. Knight, “Rapidly denoising pyrosequencing
amplicon reads by exploiting rank-abundance distributions,”
Nature Methods, vol. 7, no. 9, pp. 668–669, 2010.

[35] B. J. Haas, D. Gevers, A. M. Earl et al., “Chimeric 16S
rRNA sequence formation and detection in Sanger and 454-
pyrosequenced PCR amplicons,” Genome Research, vol. 21, no.
3, pp. 494–504, 2011.

[36] Q. Wang, G. M. Garrity, J. M. Tiedje, and J. R. Cole, “Näıve
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