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Abstract An integrated view of bacterial and archaeal
diversity in saline soil habitats is essential for understanding
the biological and ecological processes and exploiting
potential of microbial resources from such environments.
This study examined the collective bacterial and archaeal
diversity in saline soils using a meta-analysis approach. All
available 16S rDNA sequences recovered from saline soils
were retrieved from publicly available databases and sub-
jected to phylogenetic and statistical analyses. A total of
9,043 bacterial and 1,039 archaeal sequences, each longer
than 250 bp, were examined. The bacterial sequences were
assigned into 5,784 operational taxonomic units (OTUs,
based on >97 % sequence identity), representing 24 known
bacterial phyla, with Proteobacteria (44.9 %), Actinobacte-
ria (12.3 %), Firmicutes (10.4 %), Acidobacteria (9.0 %),
Bacteroidetes (6.8 %), and Chloroflexi (5.9 %) being pre-
dominant. Lysobacter (12.8 %) was the dominant bacterial
genus in saline soils, followed by Sphingomonas (4.5 %),
Halomonas (2.5 %), and Gemmatimonas (2.5 %). Archaeal
sequences were assigned to 602 OTUs, primarily from the
phyla Euryarchaeota (88.7 %) and Crenarchaeota (11.3 %).
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Halorubrum and Thermofilum were the dominant archaeal
genera in saline soils. Rarefaction analysis indicated that less
than 25 % of bacterial diversity, and approximately 50 % of
archaeal diversity, in saline soil habitats has been sampled.
This analysis of the global bacterial and archaeal diversity in
saline soil habitats can guide future studies to further
examine the microbial diversity of saline soils.
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Introduction

Saline soils are increasingly abundant as a consequence of
irrigation and desertification processes (Rengasamy 2006).
Increase in salinity greatly affects soil microbial and bio-
chemical properties, and causes shifts in the microbial
community structure towards bacteria and archaea.
According to a recent meta-analysis, the global microbial
community composition is influenced more by salinity than
by extremes of temperature, pH, or other physical and
chemical factors (Lozupone and Knight 2007). Accord-
ingly, the diversity of halophilic bacteria and archaea in
saline soils is expected to be quite different from that in
non-saline soils. The study of microbial diversity in saline
soils is significant for understanding the ecological func-
tions, saline adaption mechanisms and biotechnical
potentials of microorganisms.

Halophilic and halotolerant bacteria and archaea are
essential for the biogeochemical processes in saline soils
(Dendooven et al. 2010; Blum et al. 2012), hence for the
utilization of saline soils. Halophilic bacteria and archaea
thrive in saline soils because they possess enzymes
endowed with unique structural features and catalytic
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power, enabling them to sustain metabolic and physiolog-
ical processes under high salt conditions (Munawar and
Engel 2012). Specific enzymes from soil halophiles are
perceived to be potentially useful for a variety of appli-
cations, including the production of important biomole-
cules (Liszka et al. 2012) and the remediation of pollutants
in saline conditions (Dastgheib et al. 2011). Soil halophiles
are an excellent source for exploring novel enzymes pos-
sessing the inherent ability to function in high salt condi-
tions (Singh et al. 2012).

Bacteria and archaea have been widely studied with
respect to their biodiversity in saline soils. Initial studies
employed traditional culture-dependent methods and
resulted in the discovery of a large number of new bacterial
and archaeal taxa (Lefebvre et al. 2006). The primary
methods in current use are DNA-based molecular biology
approaches such as cloning and sequencing of 16S rRNA
genes, denaturing gradient gel electrophoresis (DGGE),
terminal restriction fragment length polymorphism (T-
RFLP) and quantitative PCR (Lefebvre et al. 2006; Cui
et al. 2009; Blum et al. 2012). Cloning and sequencing of
16S rRNA genes has been generally favored over other
methods because it allows the detection both of known and
unknown microbes present in saline soils.

Our knowledge of the diversity of bacteria and archaea
in saline and hypersaline soils is, however, still limited and
fragmented. In most cases only a few soil samples of a
single specific saline system, or a small number of cloned
sequences or DGGE bands, have been investigated and
analyzed. Some studies have focused only one particular
microbial group such as Archaea (Valenzuela-Encinas
et al. 2009; Youssef et al. 2012) or Actinobacteria (Singh
et al. 2012). Numerous sequences recovered from saline
soils are available from the GenBank, but many of these
are largely overlooked because they are not published in
the literature. Recently developed high-throughput
sequencing technologies produces large datasets of
sequence reads. However, unlike the longer sequences
generated with Sanger sequencing, the length of these reads
is too short to classify the sequences to genus level (Nelson
et al. 2011). Currently, there is no consensus on the size or
nature of the microbial diversity generally found in saline
soils.

In this study, we performed a meta-analysis of all pub-
licly available 16S rRNA gene sequences identified from
saline and hypersaline soils in order to provide an updated
overview of the bacterial and archaeal diversity in saline
soil environments. Estimates of the current coverage of the
halophilic bacterial and archaeal diversity already identi-
fied in saline soils were made, and particular gaps in the
knowledge and understanding of the microbial populations
present in saline soil habitats were identified.
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Methods
Sequence data collection

Initial sequence sets were obtained on 10 May 2012 from
the GenBank (http://www.ncbi.nlm.nih.gov) and RDP
(Release 10, http://rdp.cme.msu.edu) databases using the
search terms ‘saline’ OR ‘hypersaline’ AND ‘soil’ AND
‘16S’. Non-16S rRNA sequences from GenBank were
removed by checking the names of the sequences. All 16S
rRNA gene sequences from the two databases were merged
and duplicate sequences, identified based on accession
numbers, were removed. Sequences with vector nucleo-
tides or chimeras were checked by Mallard (http://www.cf.
ac.uk/biosi/research/biosoft/). The 16S rRNA gene sequen-
ces of Escherichia coli (accession number: U00096) and
Methanothermobacter  thermoautotrophicus  (accession
number: AE000666) were selected as reference sequences
for bacteria and archaea, respectively. Sequences shorter
than 250 bp were removed from the dataset in order to
avoid uncertainties when comparing and classifying short
sequences that have little or no sequence overlap. The
remaining sequences comprised the redacted composite
dataset used in this study.

Phylogenetic analysis

Sequences were sorted by length and aligned with Kalign
(Lassmann and Sonnhammer 2005). The sequences were
classified into taxonomic ranks using the RDP Classifier
with default settings (Cole et al. 2005). Treemaps based on
the output classifications from the RDP Classier were
constructed using the treemap packages in R. Based on the
classifications, the dataset was divided into the following
groups: Archaea, Bacteria, Proteobacteria, Actinobacteria,
Firmicutes, Acidobacteria, Bacteroidetes, Chloroflexi, and
the collected “minor phyla” of bacteria that comprised
sequences not assigned to any of the aforementioned phyla.
Distances matrices of aligned sequences were computed
within ARB using Jukes-Cantor correction (Cohen and
Townsend 2009). Individual distance matrices were ana-
lyzed using Mothur (Schloss et al. 2009) to cluster OTUs,
generate rarefaction curves, and determine the nonpara-
metric ACE and Chaol richness estimates. The genetic
distance <0.03 was used to define species-level OTUs. The
distance cut-offs were set at 0.05, 0.10, 0.15, and 0.2,
which were assumed for taxonomic ranks genus, family,
class/order and phylum, respectively. All the estimated
asymptotes of the rarefaction curves were determined
through R package monomol (https://github.com/binma/
monomol). The coverage percentages were calculated as
described by Nelson et al. (2011).
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Fig. 1 Treemap of observed
bacterial and archaeal taxa
shown in their hierarchical
order. Treemap showing
taxonomic ranking of all taxa
for all retrieved sequences. The
size of each box is proportional
to the number of sequences
assigned to that taxon with
respect to the entire dataset. The
placement of boxes is arbitrary
with respect to boxes within the
same taxonomic rank and does
not correspond to any form of
phylogeny or relatedness
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Accession numbers

The accession numbers for all sequences analyzed in this
study are available on request from the corresponding
author. The sequences are currently maintained in an in-
house ARB database of 16S rRNA gene sequences for
saline soils. A copy of this database and the sequence
alignment are also available on request from the corre-
sponding author.

Results
Data summary

A total of 10,082 sequences longer than 250 bp were
retrieved from the two databases. Among these, only 3,342
sequences have been described in a total of 95 publications.
The lengths of the remaining sequences were mostly about
1,500 bp and, less frequently, approximately 400 bp (Fig.
S1). The 9,043 bacterial and 1,039 archaeal sequences were
assigned to 5,784 and 602 OTUs, respectively (Fig. 1). The
most abundant bacterial OTU contained 406 sequences,
whereas the most abundant archaeal OTU contained 44
sequences. Based on assignment using the Ribosomal
Database Project (RDP) Classier, approximately 90 % of
bacterial sequences were from six phyla, namely Proteo-
bacteria, Actinobacteria, Firmicutes, Acidobacteria,

Bacteroidetes, and Chloroflexi. The others were from 18
other phyla, and 24 sequences were unclassified at the
phylum level. For the archaea, all sequences were classified
into two well-known phyla: nearly 89 % (922 sequences)
belong to Euryarchaeota, and the remaining 11 % (117
sequences) belong to Crenarchaeota.

Bacteria
Proteobacteria

Proteobacteria appeared to be the most common bacterial
taxon in saline soils. In our dataset, 4,647 sequences were
derived from members of this phylum, accounting for
about 46 % of all bacteria. There were 2,598 proteobac-
terial OTUs, with a Simpson diversity index of 0.0094. The
majority (96.1 %) of the proteobacterial sequences were
assigned to 326 known genera. Among the six proteobac-
terial classes represented in the dataset, Gammaproteo-
bacteria were dominant, accounting for 53.7 % of the
proteobacterial sequences; the proportions of alpha-, delta-
and betaproteobacterial sequences were 29.3, 12.2, 4.6 %,
respectively; Epsilon- and Zetaproteobacteria were repre-
sented by only 4 and 2 sequences, respectively (Fig. S2).
The gammaproteobacterial sequences represented
106 genera and 1,182 OTUs. Interestingly, 46.3 % (1,264
sequences) of gammaproteobacterial sequences represent-
ing 326 OTUs could be assigned to the genus Lysobacter of
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the family Xanthomonadaceae. The second most abundant
genus was Halomonas (family Halomonadaceae) with 269
sequences clustered into 146 OTUs. About 5.3 % of gam-
maproteobacterial sequences were unclassified at the genus
level. There were 120 genera recognized from the 1361
alphaproteobacterial sequences, of which 404 (29.7 %)
sequences representing 169 OTUs were from the genus
Sphingomonas of the family Sphingomonadaceae, and 88
(6.4 %) sequences representing 35 OTUs were from the
genus Altererythrobacter of the family Erthrobacteraceae.
Approximately 2.6 % of alphaproteobacterial sequences
were unclassified at the genus level. The 565 deltaproteo-
bacterial sequences belonged to 444 OTUs representing 46
genera. Only one deltaproteobacterial sequence was
unclassified at the genus level. The sequences belonging to
Betaproteobacteria were assigned to 51 genera and 171
OTUs. Of the betaproteobacterial sequences, 10.2 and
9.7 % were assigned to the genera Nitrosospira and Thi-
obacter, respectively. Four Epsilonproteobacteria sequen-
ces were from the genera Dehalospirillum, Sulfurovum, and
Nitratiruptor, and two zetaproteobacterial sequences were
from the genus Mariprofundus.

Actinobacteria

The Actinobacteria was the phylum with the second largest
number of representatives in our dataset with 913
sequences, 712 OTUs and a Simpson diversity index of
0.0012. About 53.5 % of the actinobacterial sequences
belonged to the order Actinomycetales of the subclass
Actinobacteridae, representing 99 genera and 382 OTUs
(Fig S3). The most frequently observed families in the
order Actinomycetales were Micrococcaceae (147
sequences), Propionibacteraceae (73 sequences), and
Streptomycetaceae (59 sequences). The genus Arthrobacter
(51 sequences) of the family Micrococcaceae, and the
genus Streptomyces (45 sequences) of the family Strepto-
mycetaceae, were the two best represented genera in the
order Actinomycetales.

The numbers of sequences assigned to subclasses
Acidimicrobidae, Nitriliruptoridae, and Rubrobacteridae
were 197, 131, and 96, respectively. The genera lamia (81
sequences) and Aciditerrimonas (80 sequences) repre-
sented the most abundant taxa within the subclass Acidi-
microbidae. The subclass Nitriliruptoridae included 69
sequences of the genus Nitriliruptor and 62 sequences of
the genus Euzebya. There were four genera of the subclass
Rubrobacteridae with 79 OTUs, including 38 sequences of
the genus Rubrobacter, 40 sequences of the genus Con-
exibacter, 16 sequences of the genus Solirubrobacter, and
2 sequences of the genus Thermoleophilum. One sequence,
related to the genus Asaccharobacter, was the only repre-
sentative of the subclass Coriobacteridae.

@ Springer

Firmicutes

The phylum with the third largest number of sequences
(791) was Firmicutes. The number of identified OTUs was
599, with a Simpson diversity index of 0.0021. The
majority of sequences were assigned to the classes Bacilli
(72.1 % representing 406 OTUs) and Clostridia (27.7 %
representing 191 OTUs) (Fig. S4). A total of 117 genera
were recognized, including 60 belonging to the class
Bacilli and 55 belonging to the class Clostridia. The 209
sequences of the genus Bacillus (26.4 % of Firmicutes
sequences) appeared to be the most abundant within the
phylum Firmicutes; no other genus accounted for more
than 5 % of Firmicutes sequences. In the class Clostridia,
44 sequences were identified as Thermanaeromonas.

Acidobacteria

There were 664 sequences assigned into phylum Acido-
bacteria, representing 522 OTUs and with a Simpson
diversity index of 0.0014. Apart from four sequences
representing the class Holophagae, the majority of aci-
dobacterial sequences were classified into 14 groups (Fig.
S5). The most abundant was group Gp6 (69.2 %) with
336 OTUS followed by group Gp4 (21.8 %) with 119
OTUs.

Bacteroidetes

The dataset for the phylum Bacteroidetes included 634
sequences, with 393 OTUs and a Simpson diversity index
of 0.0027. Although 17 sequences were unclassified at the
class level, three classes were represented, namely
Sphingobacteria (75.1 %) with 262 OTUs, Flavobacteria
(16.7 %) with 69 OTUs, and Bacteroidia (8.9 %) with 45
OTUs (Fig. S6). There were 29 genera belonging to the
class Sphingobacteria, the most abundant of which were
Gracilimonas (25.9 %) and Salinibacter (23.0 %). There
were far fewer sequences of genera such as Salinimicro-
bium (3.6 %) and Owenweeksia (2.8 %) in the class
Flavobacteria and Anaerophaga (3.3 %) in the class
Bacteroidia.

Chloroflexi

The 407 sequences belonging to phylum Chloroflexi were
clustered into 339 OTUs, with a Simpson diversity index of
0.002. Over 60 % (248 sequences) of the sequences in this
phylum were from the class Anaerolineae (Fig. S7), the
two genera that were best represented being Longilinea
(30.5 %) and Bellilinea (19.4 %). The second predominant
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class was Caldilineae, all sequences of which were
assigned to the genus Caldilinea.

Minor phyla

In addition to the six phyla described above, 18 phyla
represented by 987 sequences were observed in the dataset.
Of these 18 minor phyla, only Gemmatimonadetes
(2.45 %), Planctomycetes (2.38 %), Synergistetes (1.90 %),
and Cyanobacteria (1.57 %) represented more than 1 % of
all the bacterial sequences. These four accounted for 78 %
of all minor phyla sequences.

All 222 sequences of the phylum Gemmatimonadetes
were assigned to the genus Gemmatimonas. The 215
sequences of the phylum Planctomycetes represented six
genera and 161 OTUs, among which Phycisphaera with
71 OTUs (45.6 %) and Planctomyces with 25 OTUs
(26.1 %) were dominant. The phylum Synergistetes (171
sequences) was the third most abundant among the minor
phyla, and the majority of sequences (63.0 %) in this
phylum were assigned to genus Pyramidobacter. Of the
142 cyanobacterial sequences, 42.7 and 23.1 % were
associated with Cyanobacteria groups GpVII and GplIX,
respectively.

Archaea
Euryarchaeota

The phylum Euryarchaeota accounted for 88.7 % of ar-
chaeal sequences that were clustered into 568 OTUs, with a
Simpson diversity index of 0.0022. The majority (72.5 %)
of euryarchaeotal sequences were assigned to the class
Halobacteria with 361 OTUs and 33 genera (Fig. S8).
Halorubrum of the class Halobacteria accounted for more
halobacterial sequences (10.1 %) than any other genera.
The class Methanomicrobia was the second most abundant
class in the phylum Euryarchaeota with 156 sequences
clustered into 122 OTUs. There were 80 and 75 sequences
assigned to the orders Methanomicrobiales and Meth-
anosarcinales, respectively. The genus Methanolacinia of
the order Methanomicrobiales represented 48 sequences.
The genus Methanosaeta of the order Methanosarcinales
had 62 sequences. The third most abundant class was
Thermoplasmata, which was clustered into 48 OTUs. Apart
from one sequence of the genus Ferroplasma, all other
sequences of the class Thermoplasmata (58) were assigned
to the genus Thermogymnomonas. There were 35 sequen-
ces belonging to the class Methanobacteria, including 17
sequences of the genus Methanobacterium, 16 sequences
of the genus Methanosphaera, and 2 sequences of the
genus Methanothermobacter.
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Fig. 2 Diversity statistics for Archaea, Bacteria, and the major phyla.
Values were calculated using a 0.03 dissimilarity cut-off

Crenarchaeota

There were 117 sequences (11.3 % of archaeal sequences)
assigned to the phylum Crenarchaeota, which were clus-
tered into 34 OTUs, with a Simpson diversity index of
0.0019. All the crenarchaeotal sequences were assigned to
the class Thermoprotei, including 92 belonging to the order
Thermoproteales, 16 to the order Fervidicoccales, 5 to the
order Desulfurococcales, and 4 to the order Acidilobales
(Fig. S9). Of the 92 Thermoproteales sequences, 90 rep-
resented the genus Thermofilum.

Diversity estimates
Bacterial diversity

All the abundance-based coverage estimation (ACE) and
Chaol values were greater than the corresponding
asymptotic estimates based on the monomolecular model
(monomol). Like the monomol estimates, the ACE and
Chaol also estimate the maximum species richness for an
OTU definition. However, the values of Chaol and ACE
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for OTUs were five and ten times greater than monomol
estimates, respectively (Fig. 2). The values of Chaol and
ACE of OTUs for Proteobacteria, Actinobacteria, Firmi-
cutes, and Bacteroidetes were five and ten times, respec-
tively, greater than monomol estimates, but six and
fourteen times, respectively, greater than rarefaction esti-
mates for Acidobacteria and Chloroflexi.

These findings indicate that compared to he total level of
bacterial diversity in slaine soils, the coverage of present
dataset was extremely low. Rarefaction analysis of Bacteria
showed that for all taxonomic ranks, the rarefaction curves
were all projecting upward with none reaching a horizontal
asymptote (Fig. 3). Among all taxonomic ranks of Bacte-
ria, it was estimated that less than 25 % of the diversity
was recovered. The coverage rates of Proteobacteria were
less at species and genus levels, but greater at higher tax-
onomic ranks, than that of the bacterial dataset as a whole
(Fig. 4). The coverage rates of Acidobacteria and Bacter-
oidetes at phylum level were lower than at class level. The
coverage rates of Chloroflexi at species and genera levels
were significantly lower than those of other phyla.

Archaeal diversity

The coverage of archaeal diversity was significantly greater
than bacteria, but still low compared to estimated richness.
The estimated ACE and Chaol values were four and three
times greater respectively than the values of monomol
estimates (Fig. 2). The discrepancy between the different
diversity estimates for Archaea was less than that of
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Fig. 4 Coverage of OTUs for Archaea, Bacteria, and the major
phyla. The coverage was the percentage of OUTs in monomol
estimation with 0.03 dissimilarity cut-off

Bacteria. Like the bacteria, the rarefaction curves for all
taxonomic levels of archeans failed to reach to the hori-
zontal asymptote, but the coverage of Archaea was greater
than 50 % both at class and phyla levels, and was
approximately 40 % at lower taxonomic levels (Fig. 5).

Discussion

Saline soils occur in all continents and under almost all
climatic conditions. The nature and properties of these
soils are also diverse such that they require specific
approaches for their reclamation and management in order
to maintain their long term productivity. Bacteria and ar-
chaea play essential roles in biogeochemical processes in
saline soils. However, a synthesis of information on halo-
philic bacteria and archaea in saline soils is lacking.

This meta-analysis study was based on publicly avail-
able 16S rRNA gene sequences recovered from saline soil
habitats. The sequence data obtained from the Genbank and
RDP databases were analyzed regardless of their previ-
ously assigned taxonomic information. Saline soils have
received increasing attention because of the shortage of
arable land and the demands for ecological restoration. It is
therefore necessary to gain a better understanding of the
diversity and ecological function of microorganisms in
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saline soil habitats. These results represent a global over-
view of the microbial diversity of saline soils.

Bacteria

The present dataset, which was generated from the Gen-
bank and RDP databases, was largely dominated by Pro-
teobacteria with more than half of bacterial sequences
belonging to this group. The dominant class within the
Proteobacteria was Gammaproteobacteria, followed by
Alphaproteobacteria and Deltaproteobacteria. In studies of
soils from the former lake Texcoco, Valenzuela-Encinas
et al. (2009) showed that the dominant class of Proteo-
bacteria in both high (158 dS m™") and low (0.65 dS m™")
saline soils was Gammaproteobacteria, whereas in medium
(56 dS m™ ') saline soils the dominant class was Alpha-
proteobacteria. Furthermore, Deltaproteobacteria was
present in both high and low saline soils, but absent in
medium saline soils (Valenzuela-Encinas et al. 2009).
The dominant genera in the phylum Proteobacteria from
the present dataset have been widely detected in saline
habitats. The genus Lysobacter, to which approximately
half the sequences of the class Gammaproteobacteria
belonged, has previously been reported as the most abun-
dant in hyper-saline and hyper-alkaline environments
(Brito-Echeverria et al. 2011). The genus Sphingomonas
(class Alphaproteobacteria) also appears to be widely dis-
tributed in saline soils (Farias et al. 2011).

Desulfovermiculus halophilus (class Deltaproteobacteria)
is an extremely halophilic bacterium and is capable of
growing at a salt concentration of 346 g L™' and pH 9.8
(Beliakova et al. 2006). Members of the genus Nitrosospira
(class Betaproteobacteria) were reported to be representa-
tive ammonia-oxidizing bacteria (AOB) in saline soil
habitats (Mohamed et al. 2010).

Approximately 10 % of sequences in the present dataset
belonged to the phylum Actinobacteria and it has previously
been noted that many of the halophilic bacteria isolated
from saline soils belong to this phylum (Sardinha et al.
2003; Valenzuela-Encinas et al. 2012). In one study, how-
ever, it was found that although Actinobacteria was repre-
sented in both medium and low saline soils, it was absent in
extremely high saline soils (Valenzuela-Encinas et al.
2009). The actinobacterial sequences were assigned to the
subclasses Actinobacteridae, Acidimicrobidae, Nitrilirup-
toridae, and Rubrobacteridae. More than half of actino-
bacterial sequences belonged to the order Actinomycetes,
which is characterized by its mycelial growth, and with
specific mechanisms of adapting to extreme environments,
particularly saline and alkaline habitats (Singh et al. 2012).
Actinomycetes can grow on media containing 3.5 % NaCl
(Maldonado et al. 2005). Less than 20 % of sequences
belonging to Actinomycetes could be assigned to known
genera, which probably reflects the lack of previous studies
of such organisms from saline soils. The sequences assigned
to cultivable Actinomycetes in the present dataset belonged
to two genera, Streptomyces and Arthrobacter. Members of
the genus Arthrobacter have previously been reported as
halotolerant bacteria from saline habitats (Plotnikova et al.
2011). The genus Iamia of the order Acidimicrobidae,
which was the second most frequently encountered order in
the phylum Actinobacteria in the present study, exists
widely in saline habitats such as seawater and coastal
environments (Plotnikova et al. 2011; Tkavc et al. 2011).
Another dominant genus Aciditerrimonas (order Acidimi-
crobidae) was isolated from a salfataric field, where the
salinity is usually higher than in other habitats. In the
present dataset, the dominant genera of the order Nitrili-
ruptoridae were Nitriliruptor and Euzebya. Nitriliruptor is a
deep-branching haloalkaliphilic actinobacterium isolated
from soda lakes and is capable of growth on aliphatic
nitriles (Sorokin et al. 2009). The genus Euzebya is a deep-
branching marine actinobacterium isolated from sea
cucumbers (Kurahashi et al. 2010). Consequently, Euzebya
is expected to adapt to saline habitats. The genus Rubrob-
acter (order Rubrobacteridae) is capable in bioremediating
organic and radioactive pollutants, but it is rarely reported
in saline habitats (Jurado et al. 2012). The genera Conex-
ibacter and Solirubrobacter (order Rubrobacteridae) have
been isolated from cultivated field soils, but seldom from
saline soils (An et al. 2011; Seki et al. 2012).
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Firmicutes, the third most abundant phylum in the
present dataset, accounted for 8.8 % of all sequences.
Among the sequences assigned to Firmicutes, the dominant
genera were Bacillus and Thermanaeromonas. A huge
number of bacteria belonging to the genus Bacillus have
been isolated from saline and alkaline soil habitats (Ren
and Zhou 2005). Isolated strains of halophilic Bacillus are
an important resource for exploring halophilic enzymes
and for remediating pollutants in saline environment (Lis-
zka et al. 2012).

Members of the phylum Acidobacteria are physiolog-
ically diverse and ubiquitous in soils, but are under-rep-
resented in culture-based studies (Barns et al. 2007). In
the present study, Acidobacteria was the fourth most
abundant phylum, but most of the acidobacterial sequen-
ces were unclassified even at class level. Valenzuela-
Encinas et al. (2009) showed that the Acidobacteria was
the dominant phylum in medium-saline soils but absent in
high and low saline soils. Acidobacteria was found to
represent significant proportions of bacterial communities
in saline sediments from Qinghai Lake (Dong et al. 2006)
and mangrove sediments of Sundarban (Ghosh et al.
2010).

The phylum Bacteroidetes was the fifth most abundant
phylum in the present dataset. The dominant genera
included Gracilimonas, Salinibacter, Salisaeta, Salini-
nicrobium, Owenweeksia, and Anaerophaga. The genus
Gracilimonas has not previously been reported in saline
environments, but the related form Fodinibius salinus is a
moderately halophilic bacterium isolated from a salt mine
(Wang et al. 2012). The majority of bacteria in the genera
Salinibacter and Salisaeta have been detected in hypersa-
line environments (Vaisman and Oren 2009; Brito-Ech-
everria et al. 2011). Likewise, members of the genus
Salimicrobium, are known from marine solar salterns
(Yoon et al. 2009) and those of Owenweeksia are generally
isolated from marine habitats (Lau et al. 2005). The genus
Anaerophaga is a recently reported genus comprising
moderately thermohalophilic, strictly anaerobic, fermenta-
tive bacteria (Gao et al. 2011).

Members of the phylum Chloroflexi are generally found
in hypersaline environments, i.e., high saline soils and
hypersaline wastewater. Most of sequences in the present
dataset belonging to Chloroflexi were assigned to the class
Anaerolinaea, members of which are frequently detected in
marine sediments. In the present study, the dominant
genera of Anaerolineae were Longilinea and Bellilinea.
However, the bacteria in these two genera have rarely been
found in saline habitats. The predominant genus Caldilinea
in the class Caldilineae has been found in hot springs and
activated sludge, where the salinities are expected to be
high (Kragelund et al. 2011). Two genera Sphaerobacte-
rineae and Thermomicrobium (class Thermomicrobia)
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have also been found in extremely thermal soils (Morino
and Ito 2012).

Some genera of minor phyla were found in abundance in
the present dataset. The genus Gemmatimonas (phyluma
Gemmatimanadetes) is known for having members with
active roles in biogeochemical transformations in hyper-
saline soils (Zhang et al. 2003). The genera Phycisphaera
and Planctomyces (phylum Planctomycetes) are symbionts
of marine algae or sponges (Fukunaga et al. 2009; Jogler
et al. 2011). Although more than 100 sequences were
assigned to the genus Pyramidobacter in the present study,
this genus has not previously been reported in saline
habitats.

Archaea

More than 60 % of archaeal sequences were assigned to the
class Halobacteria (phylum Eurarchaeota). Members of the
class Halobacteria are extremely halophilic and haloalka-
liphilic (Brito-Echeverria et al. 2011; Youssef et al. 2012).
Members of the genus Halorubrum are ubiquitous halo-
philic, aerobic archaeans that inhabit saline and hypersaline
soils (Papke et al. 2004). Natronomonas, has also been
widely detected in alkaline-saline soil habitats (Valenzue-
la-Encinas et al. 2008). These are the two most commonly
encountered genera of Halobctera in the present study. The
growth kinetics of Natronomonas has highly unusual
temperature requirements for growth, suggesting that the
physiology of Natronomonas is different with other halo-
bacteria (Inoue et al. 2011). The members of the genus
Halomicrobium, i.e., Halomicrobium zhouii, H. katesii, and
H. mukohataei, are also halophilic (Cui et al. 2009). The
genus Halococcus has been found in the rhizosphere of the
halophyte Halonemum strobilaceum inhabiting hypersaline
coastal areas of the Arabian Gulf, and is known to be an
extremely halophilic, oil-utilizing microorganism (Al-
Mailem et al. 2010). The genus Thermofilum (phylum
Crenarchaeota) is generally detected from hyperthermo-
philic habitats, which are also saline or hypersaline envi-
ronments (Flores et al. 2012).

Data analyses

One important issue in the present study is that the com-
posite dataset cannot currently address the beta diversity of
species in soils with different saline levels. The bacterial
and archaeal communities vary in soils with different salt
concentrations (Valenzuela-Encinas et al. 2009). Although
the dataset contains sequences recovered from a wide array
of studies, the beta diversity could not be determined
because some studies submitted sequences to databases
without published information on the soil properties.



World J Microbiol Biotechnol (2013) 29:2325-2334

2333

Analysis of a composite dataset carries a few potential
caveats and limitations that bear mentioning. The size of
datasets generated from different studies varied over a
large range. The studies with more sequences in a dataset
have the effect of artificially inflating the representation of
soils with some salt concentration compared to others.
Furthermore, some studies focused on one or a few phy-
logenetic groups, again skewing the composite dataset by
increasing sequences from these groups. For bacterial
communities, haloalkaliphilic Actinobacteria have been
widely studied (Siddikee et al. 2011). As such, while the
global diversity defined by the dataset can represent the
types of bacteria and archaea generally present in saline
soils, the abundance of some OTUs may not directly reflect
the actual abundance of the corresponding organism found
in any given saline soils.
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