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Abstract Multi-pond salterns constitute an excellent
model for the study of the microbial diversity and ecology
of hypersaline environments, showing a wide range of salt
concentrations, from seawater to salt saturation. Accumu-
lated studies on the Santa Pola (Alicante, Spain) multi-
pond solar saltern during the last 35 years include culture-
dependent and culture-independent molecular methods and
metagenomics more recently. These approaches have per-
mitted to determine in depth the microbial diversity of the
ponds with intermediate salinities (from 10 % salts) up to
salt saturation, with haloarchaea and bacteria as the two
main dominant groups. In this review, we describe the
main results obtained using the different methodologies,
the most relevant contributions for understanding the
ecology of these extreme environments and the future
perspectives for such studies.
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Introduction

Hypersaline habitats are widely distributed extreme envi-
ronments in which the main life-limiting factor is their high
salt concentration. However, other physico-chemical fea-
tures may also reduce the growth of living organisms, such
as temperature, pH, solar radiation, oxygen, nutrient
availability, heavy metals and other toxic compounds
(pesticides, chemicals), etc. (Rodriguez-Valera 1988).
Overall, these factors may influence the biota of the
hypersaline environments, that is limited to highly spe-
cialized eukaryotes, prokaryotes and phages (Ventosa
2006; de 1a Haba et al. 2011). The microbiota is dominated
by well-adapted halophilic microorganisms that in many
cases are polyextremophiles, with the ability to grow
optimally not only at high salt concentrations, but also at
high or low pH values plus high or low temperatures and to
other of the above-mentioned features (Bowers et al. 2009;
Bowers and Wiegel 2011; Mesbah and Wiegel 2012).
Hypersaline environments are represented by aquatic
and terrestrial systems, as well as salted products, such as
salted foods, hides, marine or rock salt, etc. (Ventosa 2000;
Oren 2011). Most microbiological studies have been car-
ried out on aquatic habitats, i.e., saline lakes (Dead Sea,
Great Salt Lake, African, Chinese and Antarctic lakes, etc.)
and salterns. Marine salterns constitute excellent models
for the study of the microbial diversity and ecology of
microorganisms at different salt concentrations. When they
have a multi-pond system of salt production, they offer a
wide range of salinities, from that of seawater to salt sat-
uration. They are constituted by a series of shallow ponds
in which the water is periodically transferred from the
lower salinity ponds (concentrators) to the ponds in which
salts precipitate (crystallizers). The saturation of the dif-
ferent salts by evaporation of the water provokes the
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Fig. 1 Aerial view of the Santa Pola saltern (a); schematic view of the saltern showing the ponds sampled to obtain the metagenomic datasets:
SS13 (pond with 13 % salinity), SS19 (pond with 19 % salinity), SS33 (pond with 33 % salinity), SS37 (pond with 37 % salinity) (b)

sequential precipitation of these salts: carbonate, gypsum
and halite. Thus, three main domains are recognized: the
carbonate domain (70-140 g 17'), the gypsum domain
(220290 g1”') and the halite domain (>290 g 17"
(Rodriguez-Valera 1988). One of these multi-pond salterns
is located in Santa Pola, being probably the best studied
hypersaline system in our planet with respect to its
microbiology. In this review, we will focus on the most
significant aspects that have been addressed in this saltern.
However, we should indicate that several other salterns
have also been investigated, but they are not the objective
of this paper.

The Bras del Port saltern was built in the early twentieth
Century over an ancient freshwater lagoon (Dulau 1983). It
is a typical multi-pond saltern with a discontinuous salinity
gradient. The saltern is located in Santa Pola, about 20 km
South from Alicante, on the Spanish Mediterranean Sea
coast. It is subjected to an arid Mediterranean climate
characterized by low annual rainfall (200 mm year_l) and
moderate temperatures, with little oscillation between
summer and winter (average temperatures of 26 and 12 °C
for the warmest and coldest months, respectively) (Rodri-
guez-Valera et al. 1985). In each individual pond salt
concentration is kept constant by a regulated artificial flow,
so that in each pond the evaporation balances the input of
less concentrated salt water (Fig. 1). The ponds are rect-
angular with an average surface area of approximately
20,000 m? and a depth of 30 cm (Rodriguez-Valera et al.
1981; Ventosa et al. 1982).

The proportions of salts in Santa Pola saltern ponds are
similar to seawater, except for those ponds where salts
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precipitate. However, environmental conditions oscillate
significantly in ponds with different salt concentrations.
The ponds with higher salinities have lower pH values and
higher maximal temperatures, having a difference of one
pH unit and 10 °C between ponds with saturated NaCl and
those with less than 15 % salt concentration (Rodriguez-
Valera et al. 1985). In ponds with lower salinities there is a
high photosynthetic activity that causes a reduction in the
CO, partial pressure, allowing an increase of pH in these
ponds (Landry and Jaccard 1984). The total nitrogen and
phosphorus concentrations increase at higher salinities,
while the oxygen content is reduced since the saturation
concentration decreases with salinity (Rodriguez-Valera
et al. 1985).

Culture-dependent studies in Santa Pola saltern

Early studies on Santa Pola saltern were based on the
isolation and characterization of microorganisms in pure
cultures. Rodriguez-Valera et al. (Rodriguez-Valera et al.
1981, 1985) determined the changes in composition of
microbial populations and distribution of taxonomic groups
in ponds ranging from 10 % salts to salt saturation. Most
organisms isolated from ponds with salinities over 15 %
salts were halophilic. The unicellular algae Dunaliella and
other eukaryotic organisms were observed. The popula-
tions of Dunaliella increased from 15 % salts, reaching
large numbers between 20 and 30 % salts. Protozoa, other
green algae and diatoms were observed in ponds with up to
15 % total salts. Also mosquito larvae and some aquatic
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insects appeared. Large populations of Artemia salina
(brine shrimp) appeared during certain times of the year,
mainly in spring. Between 15 and 30 % salts, moderately
halophilic bacteria (growing optimally in media with
3-15 % NaCl) and some fast-growing haloarchaea pre-
dominated as heterotrophic microorganisms. Among the
first, the Pseudomonas-Alteromonas-Alcaligenes group
(probably the current members of Halomonas, Chromo-
halobacter and related genera within the family Halomo-
nadaceae) and Vibrio (currently Salinivibrio) were the
most abundant taxonomic groups; Gram-positive cocci
appeared mainly over 25 % salts. Phototrophic bacteria,
both oxygenic and anoxygenic, were also found in this
salinity range, with a predominance of Halochromatium
and Rhodospirillum. In ponds with salinities over 30 %
salts the microbial diversity was greatly reduced. The
organisms found at the lower salt concentrations disap-
peared and instead large populations of haloarchaea
developed (Rodriguez-Valera et al. 1985).

During these early studies in the 1980s the number of
validly described prokaryotic species names was low,
making difficult the identification of new isolates and
microbial ecology studies on hypersaline habitats. Besides,
most studies on saline environments were carried out using
similar complex growth media and sampling few hyper-
saline habitats. For these reasons, other approaches such as
the use of numerical taxonomy and/or polar lipid com-
parative studies were carried out for the taxonomic char-
acterization of the isolates from Santa Pola saltern
(Ventosa et al. 1982, 1983; Torreblanca et al. 1986;
Quesada et al. 1987; Montero et al. 1988; Moldoveanu
et al. 1990). These and other chemotaxonomic and
molecular techniques (Monteoliva-Sanchez et al. 1989;
Ventosa 1993) permitted the taxonomic characterization of
a large number of genera and species of archaea and bac-
teria from the Santa Pola saltern. Of particular interest are
the studies describing the haloarchaeal genera Haloarcula
and Haloferax, based on numerical taxonomy and the polar
lipid composition (Torreblanca et al. 1986), and the square
haloarchaeon Haloquadratum (Bolhuis et al. 2004; Burns
et al. 2007) isolated finally in 2004 after many years of its
discovery by microscopic observation in 1979 (Walsby
1980). Besides, the bacterial genera Chromohalobacter
(Ventosa et al. 1989), Salinicoccus (Ventosa et al. 1990),
and Salinivibrio (Mellado et al. 1996), classifying the
previously described species Vibrio costicola (Garcia et al.
1987a,b) within a new genus, and more recently the
extremely halophilic member of the Bacteroidetes, Salin-
ibacter (Anton et al. 2002) were also described. Besides,
several new species, some of them of great importance
since they have been used for understanding the molecular
mechanisms of halophilism and several other molecular
features, were originally described on the basis of strains

isolated from the Santa Pola saltern (Table 1). We should
also stress the importance of other studies based on strains
from Santa Pola saltern that permitted the classification or
delineation of some features of several haloarchaea and
halophilic bacteria on the basis of nucleic acid studies
(Gutierrez et al. 1989a; 1989b; 1990), their heavy metals
and antimicrobial susceptibility and the use of the antimi-
crobial resistance as a genetic marker (Nieto et al. 1987,
1989a; 1989b; 1993; Garcia et al. 1987a, 1987b) or the
production of the antimicrobial proteins designated as
halocins (Rodriguez-Valera et al. 1982; Meseguer et al.
1986).

Culture-independent studies in Santa Pola saltern

Despite advances in knowledge of halophilic microorgan-
isms, most of the initial studies were performed using
culture-dependent approaches and was clear that other
techniques for the study of the microbial ecology in these
environments were required. Early studies performed in
Bras del Port salterns using molecular techniques such as
fluorescence in situ hybridization (FISH) or PCR-finger-
printing approaches were focused on the study of the bio-
diversity in the crystallizer ponds (Benlloch et al. 1995,
2001; Antén et al. 1999, 2000). As expected, this hyper-
saline environment was shown to have a very low diversity
but, surprisingly, the extremely hypersaline waters of the
crystallizers showed less diversity by the direct 16S rDNA
amplification methodology than by culture isolation
(Benlloch et al. 1995). Also, most prokaryotes in the
crystallizer ponds belonged to the domain Archaea and
confirmed that Walsby’s square bacteria belonged to this
domain as previous phenotypic data indicated (Stoeckenius
1981; Kessel and Cohen 1982). In contrast, members of the
genus Haloarcula, which had frequently been isolated from
these ponds, represent less than 0.1 % of the total pro-
karyotic community (Antén et al. 1999). However, the
contribution to the total community of members of the
domain Bacteria was higher than expected from previous
studies (Oren 1990).

On the other hand, the prokaryotic mortality due to
viruses and bacterivores through the salinity gradient was
estimated in different saltern ponds. Prokaryotic and viral
abundance increased with the salinity, reaching 10
prokaryotic cells ml~' and 10° virus-like particles (VLO)
ml~" at salinities higher than 25 %. It was known that
the square haloarchaeon represented more that 25 % of
the prokaryotic assemblage above 25 % salinity, so a
lemon-shaped virus was found infecting this square ar-
chaeon and its abundance increased in the saltiest pond
in correlation with this haloarchaecon (Guixa-Boixareu
et al. 1996).
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Table 1 Archaeal and bacterial species described and isolated from Santa Pola saltern

Species NaCl range Optimal NaCl  References
(%, Wiv) (%, wWiv)
Domain Archaea
Haloarcula hispanica 15-salt 25 Juez et al. (1986)
saturation
Haloferax mediterranei (basonym: Halobacterium 7.5-27 17 Rodriguez-Valera et al. (1983);
mediterranei) Torreblanca et al. (1986)
Haloferax gibbonsii 10-salt 20-25 Juez et al. (1986)
saturation
Haloferax lucentense 10-30 25 Gutierrez et al. (2002)
Haloquadratum walsbyi 14-salt 18 Burns et al. (2007)
saturation
Domain Bacteria
Halobacillus halophilus (basonym: Sporosarcina 2-20 10 Claus et al. (1983); Ventosa et al. (1983); Spring
halophile) et al. (1996)
Salimicrobium album (basonym: Marinococcus 5-20 5-15 Hao et al. (1984); Yoon et al. (2007)
albus)
Marinococcus halophilus 0.5-20 5-15 Hao et al. (1984)
Salinivibrio costicola subsp. costicola (basonym: 0.5-20 10 (Garcia et al. 1987a, 1987b); Mellado et al.
Vibrio costicola) (1996)
Chromohalobacter marismortui 1-30 10 Ventosa et al. (1989)
Salinicoccus roseus 0.9-25 10 Ventosa et al. (1990)
Salinicoccus hispanicus (basonym: Marinococcus 0.5-25 10 (Mérquez et al. 1990); Ventosa et al. (1992)
hispanicus)
Halomonas salina (basonym: Deleya salina) 2.5-20 5 Valderrama et al. (1991); Dobson and
Franzmann (1996)
Marinococcus halophilus 0.5-30 5-15 Mairquez et al. (1992)
Salinibacter ruber 15-NaCl 20-30 Anton et al. (2002)
saturation
Halomonas ilicicola 2-17.5 10 Arenas et al. (2009)

The abundance of prokaryotes, cell volume, prokaryotic
heterotrophic production, chlorophyll a, and the abundance
of heterotrophic flagellates, ciliates and phytoplankton
were determined in several ponds of the Bras del Port
saltern. Increases in salinity resulted in a progressive
reduction in the abundance and number of different groups
of eukaryotic microorganisms, but in an increase in bio-
mass of prokaryotes. Maximal activity of phyto and bac-
terioplankton and chlorophyll a concentration were found
at 10 % salinity. Another interesting fact that is derived
from this study is that growth rates of heterotrophic pro-
karyotes decreased with increasing salinity and bacterivory
was absent above 25 % salinity, whereas viral lysis
appeared to be of minor importance throughout the gradi-
ent (Pedrds-Alid et al. 2000).

A molecular study in Santa Pola saltern analyzed the
prokaryotic community along the salinity gradient by using
an electrophoretic analysis of 5S rRNAs (Casamayor et al.
2000). This study revealed that the prokaryotic populations
abundant in the ponds below 25 % salinity were neither
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flavobacteria nor haloarchaeal strains belonging to the
genera Halobacterium, Haloarcula or Halococcus, instead
members of Proteobacteria and Firmicutes were found.
Finally, in the ponds above 30 % salinity none of the
cultured halophilic archaea were detected (Casamayor
et al. 2000).

Benlloch and coworkers (Benlloch et al. 2002) studied
the prokaryotic diversity throughout the salinity gradient
from Santa Pola saltern by 16S rDNA sequencing from
both denaturing gradient gel electrophoresis (DGGE) and
clone libraries and also culturing methods. This study
showed that the abundance of bacterial and archaeal genera
decreased along the gradient. At a 8 % salt pond, most
sequences for Bacteria were related to organisms of marine
origin. Thus, representatives of the Alpha-, Beta-, Gamma-
and Epsilonproteobacteria, the Cytophaga-Flavobacte-
rium-Bacteroides group (CFB), high G + C Firmicutes
and Cyanobacteria were found. In the 22 % salt pond
Alpha- and Gammaproteobacteria, Cyanobacteria and
CFB were the only groups found, and most of them were
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related to known halophilic genera. In the pond with 32 %
total salt, only members of CFB were found, and most of
the retrieved sequences clustered with Salinibacter ruber.
With respect to Archaea in the lowest salinity ponds, the
16S rRNA sequences were related to environmental clones
of Marine Archaea Group II (Thermoplasmatales relatives)
and to unclassified branches of Euryarchaeota. Most of the
clones in the three salinity ponds (with 8, 22 and 32 %
salts) were related to different cultured strains of the family
Halobacteriaceae (belonging to Halorubrum or Haloar-
cula) and finally most sequences from the crystallizer pond
clustered with square haloarchaea (Haloquadratum
walsbyi).

On the other hand, the microbial communities inhabiting
Santa Pola saltern were analyzed and compared in parallel
by four laboratories using SSU rRNA polymerase chain
reaction (PCR)-based fingerprinting specifically denaturing
gradient gel electrophoresis (DGGE), ribosomal internal
spacer analysis (RISA) and terminal-restriction fragments
length polymorphism (T-RFLP). Members of Bacteria,
Archaea and Eukarya were retrieved from all salt con-
centrations. Two main, salinity-based groups of prokary-
otes (from samples with 4-15 % and 22-37 % salts) were
obtained. For eukaryotic microorganisms the two main
groups detected were in samples with 4-5 % and 8-37 %
salinity. Archaea showed the lowest number of operational
taxonomic units (OTUs) in the lower salinity ponds.
Although the particular taxonomic composition could vary
among protocols, the general structure of the microbial
assemblages was maintained (Casamayor et al. 2002).

Another study in these salterns was carried out by Es-
trada and coworkers (Estrada et al. 2004). They studied the
diversity of prokaryotic and eukaryotic phytoplankton
along the gradient of salinity using different community
descriptors: chlorophyll a, HPLC pigment composition,
flow cytometrically determined picoplankton concentra-
tion, taxonomic composition of phytoplankton (based on
optical microscopy) and genetic fingerprint patterns of 16S
(cyanobacteria- and chloroplast-specific primers) and 18S
rRNA genes were determined for samples from ponds with
salinities ranging from 4 to 37 %. A decrease in diversity
with increasing salinity in both prokaryotic and eukaryotic
microbes was confirmed. The number of elements of the
different descriptors used were significantly correlated
among themselves and negatively correlated with salinity.

Fluorescence in situ hybridization experiments showed
that Salinibacter is an important component of the micro-
bial community in saltern crystallizer ponds in the Bras del
Port saltern and the analysis of the pigments extracted from
ponds of this saltern showed that 5-7 % of the total pro-
karyotic pigment absorbance could be attributed to a
carotenoid present in this bacterium. The red color of sal-
tern crystallizer ponds may thus not only be due to red

halophilic Archaea and to B-carotene-rich Dunaliella cells
as previously assumed, but may contain a bacterial con-
tribution as well (Oren and Rodriguez-Valera 2001).

Papke and coworkers (2003) used environmental PCR
and cloning techniques to directly retrieve rhodopsin genes
from three different salinity ponds in the Bras del Port
saltern. Haloarchaeal rhodopsins are a diverse group of
transmembrane proteins that use light energy to drive
several cellular processes. They observed the presence of
genes related to the rhodopsin in a wide range of salt
concentrations, and they decreased with decreasing salin-
ity, indicating that some haloarchaea are able to grow in a
wide range of salt concentrations. On the other hand, other
study suggested that the Halorubrum population is near
linkage equilibrium and that random mating and recom-
bination occur both within and (possibly at a somewhat
reduced rate) between ponds of different salinities (Papke
et al. 2004).

Using single cell sorting, saturated NaCl brine envi-
ronments (32-35 %) of the South Bay Salt Works in Chula
Vista in California (USA) and the Santa Pola saltern were
compared. Both samples were quite different and included
previously undetected organisms based on 16S rRNA
sequences. Archaea dominated Santa Pola’s community
and its bacterial fraction consisted of the previously known
Salinibacter lineages. The recently reported group of hal-
ophilic Archaea, Nanohaloarchaea was detected at both
sites (Zhaxybayeva et al. 2013).

Metagenomic studies in Santa Pola saltern
Metagenomics of dominant prokaryotic species

Several metagenomic studies carried out in Santa Pola
saltern have been focused on the crystallizer ponds, in
which the microbial diversity is sharply reduced and is
limited almost entirely to the square haloarchaeon Halo-
quadratum walsbyi as well as the extremely halophilic
bacterium Salinibacter ruber. The first metagenomic study
was carried out by Legault et al. (2006). A total of ca. 2000
fosmid clones from environmental DNA were obtained
from water column of the crystallizer pond, designated as
CR30, and a total of 1029 sequences with more than 94 %
nucleotide identity to the HSQOO1 were considered as
Haloguadratum walsbyi, a strain previously isolated from
Santa Pola saltern. They recovered a large pangenome of
H. walsbyi strain HBSQO001 and most of these metage-
nomic sequences exhibited synteny with this strain. The
pangenome of this metapopulation revealed a remarkable
gene pool of H. walsbyi in this habitat, at least twice the
size of its genome (~3 Mb). Their accessory gene pool
was located at relatively conserved regions of the genome
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that were less represented in the metagenome. Moreover,
the accessory gene pool was enriched in signal transduction
and gene regulation that suggested a key role in microad-
aptation to slightly different niches. Cuadros-Orellana et al.
(2007) analyzed the genomic islands (GIs, regions in a
genome considered hypervariable) in the genome of H.
walsbyi HBSQO01, comparing it with complete sequences
of fosmids found at or near the GIs. GI 2 and GI 4 had a
high G + C content and were rich in mobile elements. GI 3
was a remnant of a lysogenic phage inserted in H. walsbyi
HBSQO01 genome, but not present in most environmental
lineages. These GIs contained genes involved in the
transport of the nutrients across the membrane and detec-
tion of small molecules, probably reflecting the special-
ization of different genomes in the use of different
compounds to coexist and avoid direct competition for
resources. Besides, GI 1 was atypical compared to other
GIs, because it had a G + C content similar to that of the
genome and there were no mobile elements. GI 1 contained
genes required to synthesize the rigid components of the
cell envelope, reflecting probably a strategy of phage
evasion. In a similar fashion the genome of Salinibacter
ruber DSM 13855 was compared to metagenomic frag-
ments obtained from crystallizer ponds of Chula Vista
salterns, near San Diego, California (USA) and to the
previous metagenomic fosmid ends obtained by Legault
et al. (2006) (Pasi¢ et al. 2009). Three GIs were found in S.
ruber, GI 1 coded for cell surface polysaccharides, GI 2
contained genes involved in the biosynthesis of cell wall
polysaccharide components, and GI 3 was rich in DNA-
related enzymes.

Prokaryotic diversity along a salinity gradient

In 2011, Ghai et al. (2011) described the microbial com-
munity of Santa Pola saltern based on the analysis of the
metagenomes obtained by pyrosequencing of the total
prokaryotic DNA from the water of the two saltern ponds,
one from an intermediate-salinity pond (with 19 % salinity,
designated as SS19) and another from a crystallizer pond
(CR30 that in this specific sample had 37 % salinity and
was identified as SS37) (Fig. 1). The metagenomes SS19
and SS37 had a dataset size of 475 and 309 Mb, respec-
tively. This study reasserted the vast abundance of H.
walsbyi in this saltern and revealed the presence of new
abundant groups of microorganisms. In SS19 was found a
group of low G + C Actinobacteria, related to the fresh-
water Lunal-A clade26 and a gammaproteobacterium
related to the genera Alkalilimnicola and Nitrococcus. A
high G 4 C and a low G + C euryarchaea were observed
in SS19 (Ghai et al. 2011). Besides, in this study individual
microbial cells were isolated from the SS37 saline water
using fluorescence-activated cell-sorting. A partial single
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amplified genome (SAG) was sequenced turning out to be a
novel archaeon, named Candidatus Haloredivivus sp. G17,
which was abundant in the SS19 sample but not in SS37.
Candidatus Haloredivivus has a low G + C content
(~42 %), lower than H. walsbyi (47.9 %) and the recently
described low G 4 C nanohaloarchacon Candidatus
Nanosalina (43.5 %). It showed a photoheterotrophic and
polysaccharide-degrading lifestyle and is phylogenetically
related to the Nanohaloarchaea. Based on the data
acquired by Ghai et al. (2011), we have been able to isolate
the abundant gammaproteobacterium, related to the genera
Alkalilimnicola and Nitrococcus, and named it as Spirib-
acter salinus as we will describe in detail later (Ledn et al.
2014).

Recently, a new metagenomic dataset obtained from an
intermediate-salinity pond with 13 % salinity (designated
as SS13) has been reported (Fernandez et al. 2013). This
metagenome was sequenced using pyrosequencing, the
same technology used by Ghai et al. (2011), and had
441 Mb of dataset size. We assessed the prokaryotic
community structure of this lower salinity habitat (Fern-
andez et al. 2014a). The 16S rRNA gene sequences ana-
lyzed from this metagenomic dataset were related to
representatives of seven higher taxa, with Euryarchaeota
(27 %), Gammaproteobacteria (22 %) and Alphaproteo-
bacteria (20 %) as the most abundant representatives
(Fig. 2). However, a high proportion of 16S rRNA gene
sequences could not be classified at the genus level. Me-
tagenomic reads from SS13 were assembled in contigs that
revealed the presence of new groups of Euryarchaeota,
related to reference genomes as H. walsbyi and other
members of the Halobacteriaceae, and Gammaproteobac-
teria, related to Spiribacter salinus. Besides, proton pumps
involved in a photoheterotrophic lifestyle like bacterio-
rhodopsin, xanthorhodopsin and proteorhodopsin gene
sequences were found in SS13. The comparison of the
metagenomic datasets of Santa Pola saltern showed that
bacteriorhodopsin, sensory rhodopsin and halorhodopsin
(the last rhodopsin is a chloride pump) increased and
proteorhodopsin decreased along the salinity gradient. In
the SS13 pond, the nitrogen cycle was simplified to the
assimilatory nitrate and nitrite reduction and the phosphate
transport was higher than in ponds with lower (until 10 %
of total salts) and higher (over 25 % of total salts) salinities
but phosphonate uptake increased along the salinity gra-
dient. Moreover, it was pointed out that haloarchaea known
to accumulate ions inside their cells could be able to
combine “salt-in” and “salt-out” strategies, due to
sequences found related to the accumulation of compatible
solutes such as glutamate or glycerol (Ferniandez et al.
2014a). Figure 2 summarizes the higher taxa determined in
the metagenomic datasets of Santa Pola saltern in com-
parison with those reported for a metagenomic dataset
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Fig. 2 Representation of high taxonomic levels affiliated to metage-
nomic 16S rRNA reads from the five datasets with different salinities.
DCM3, Deep Chlorophyll Maximum (3 % salinity) from the Med-
iterranean sea; SS13, Santa Pola Saltern (pond with 13 % salinity);
SS19, Santa Pola Saltern (pond with 19 % salinity); SS33, Santa Pola

obtained from the Mediterranecan Sea. Besides, Table 2
shows the major genera that were retrieved from the me-
tagenomic datasets obtained from ponds of Santa Pola
saltern.

More recently, two concentrator ponds from Santa Pola
saltern with 19 and 33 % salinity (SS19 and SS33,
respectively) were compared with a 21 % salinity pond
from Isla Cristina saltern (designated as IC21), a saltern
located in Southwest Spain, on the Atlantic ocean coast to
explain the differences observed among these datasets
(Fernandez et al. 2014b). In IC21 the phylogenomic
diversity was sharply reduced compared to SS19 dataset.
At higher taxonomic levels Euryarchaeota was the pre-
dominant phylum in SS33 and IC21, but at genus level
Halorubrum in 1C21 and Haloquadratum in SS33 were the
most abundant genera. The next predominant phylum was
Bacteroidetes but the genera which recruited a higher
proportion of 16S rRNA gene sequences differed in SS33
and IC21, in which Salinibacter and Psychroflexus,
respectively, were the most abundant genera. The number
of sequences related to bacteriorhodopsins and halorho-
dopsins observed were consistent with the abundance of
Haloguadratum in SS19 and SS33 and of Halorubrum in
IC21 dataset. About nitrogen cycle, similar results to SS13
were found in IC21, SS19 and SS33 datasets. Besides, an
incomplete cycle of sulfate was observed in IC21, SS19
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Actinobacteria

(12%) Deltaproteobacteria (1%)

Verrucomicrobia Actinobacteria (6%)

(3%)

Unclassified Bacteria
(7%)

Other Bacteria (1%)

Verrucomicrobia (3%)
Firmicutes (1%)
Unclassified Bacteria (2%)
Other Bacteria (1%)

Euryarchaeota (46%)

SS19

Euryarchaeota (88%)

Bacteroidetes
(10%)

Unclassified Archaea
(2%)

S837

Saltern (pond with 33 % salinity); SS37, Santa Pola Saltern (pond
with 37 % salinity). 16S rRNA genes were identified by comparing
the datasets against the RDP database. Assigned sequences have an
identity over 80 % and a minimum length of 100 bp

and SS33 datasets although in IC21 and SS19 a complete
dissimilatory sulfate reduction was detected. In IC21
compared to SS19 and SS33 were detected more sequences
related to phosphate cycle and less for genes involved in
the utilization of phosphonate. SS19 and SS33 datasets had
higher numbers of sequences related to the synthesis of
compatible solutes compared to IC21, such as betaine,
glutamate and trehalose. Furthermore, it is suggested that
the differences among these three datasets might be caused
by local ecological conditions which were reflected in a
different microbial community, such as the dominance of
sequences related to Halorubrum in 1C21 and to Halo-
quadratum in SS19 and SS33, which led to features like a
lower number of sequences related to the synthesis of
compatible solutes and in the utilization of phosphonate in
the Isla Cristina dataset. The causes of the variation among
samples are still unknown, but previous surveys carried out
in hypersaline environments indicated that the microbial
structure was highly influenced by the differences in the
ionic composition of the brine (Pagaling et al. 2009; Grant
et al. 2011; Boujelben et al. 2012; Podell et al. 2013).

Diversity of phages

For a long time, only the halophages Hisl and SHI that
infect Haloarcula hispanica were known (Tang et al.
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2002). Nowadays, several metagenomic studies of halo-
phage populations have been performed in the crystallizer
pond CR30. Santos et al. (2007) reconstructed the nearly
complete genome of EHP-1, an environmental halophage,
not yet isolated, from fosmid libraries from the purified
37 kb DNA obtained from the sample. The genome
sequence had a size of 35 kb and a G 4 C content lower
than those of other previously characterized halophages,
around 51 %. The G + C content and codon usage in EHP-
1 was similar to that of H. walsbyi (G + C content of
47.9 %), the most abundant microorganism in the crystal-
lizer ponds and therefore perhaps could be the host for
EHP-1. Subsequently, the metagenomic viral DNA from
CR30 was used to construct two metaviromic dsDNA
libraries, one in fosmids and one in plasmids, and were
sequenced using PCCIFOS™ vector sequencing primers
(Epicentre) and pBluescript SK primers BlueF and BlueR.
Assembled metagenomic sequences showed a high number
of single nucleotide polymorphisms (SNP) revealing a
certain degree of diversity in the halophage populations
(Santos et al. 2010). However, the halophage community of
this metavirome exhibited some conserved characteristics
like terminases and WD40/YVTN (The YVTN-type repeat
domain is also found in archaeal surface layer proteins that
protect cells from extreme environments) with metaviro-
mes from high salt concentration ponds (27-30 % salinity)
in San Diego saltern (CA, USA), located 10,000 km away.
Moreover, the dinucleotide frequency analysis and the
G + C content of the CR30 metavirome allowed the
clustering of sequences in different groups and the specu-
lation of their putative hosts. In 2011, Santos et al. ana-
lyzed the viral communities in CR30 through a
metatranscriptomic approach. Contigs with a high viral
level expression were included in five different groups, two
groups with sequences of high G 4+ C content haloarchaea
and S. ruber (HVS-1 and HVS-2), a third group with
sequences of H. walsbyi (HVS-4) and the groups HVS-3
and HVS-5. Interestingly, the viral groups that could infect
high G + C content haloarchaea and Salinibacter repre-
sentatives, which are minor components in this environ-
ment, had the highest expression level. Furthermore,
samples from CR30 were submitted to stress conditions
(UV-radiation and osmotic shock) and in the metatran-
scriptomes obtained under these stress conditions was
observed that archaea were more sensitive than bacteria to
electromagnetic radiation or dilution, since archaeal viru-
ses increased the expression under these stress conditions.
In addition, Garcia-Heredia et al. (2012) constructed fo-
smid libraries from CR30 and the fosmid DNA enabled to
reconstruct the sequence of 42 almost complete viral gen-
omes. Cluster of phage genomes supported by tetranucle-
otide frequency analysis, codon usage and the presence of
CRISPR  (Clustered Regularly Interspaced  Short

Palindromic Repeats) protospacers, allowed the assignment
to their possible hosts as H. walsbyi, S. ruber and a
nanohaloarchaeon, covering most of the prokaryotic com-
munity of this habitat.

Through the metagenomic approach it has been
observed that certain genomic regions are underrepresented
in all of the genomes of one species when are compared to
metagenomes from the environments in which this species
is present, these regions are defined as metagenomic
islands (MGIs), and these MGIs in saturated brine envi-
ronments are mainly involved in adaptation to phage sen-
sitivity and organic carbon degradation (Cuadros-Orellana
et al. 2007; Wilhelm et al. 2007; Frias-Lopez et al. 2008).
Therefore, Rodriguez-Valera et al. (2009) proposed the
constant-diversity dynamics (CD) model to explain how
phages are involved in maintaining prokaryotic diversity in
these ecosystems. The periodic-selection model predicts
that the best adapted organisms to the environment are
selected and would expand and replace other organisms,
but the dominant linage would be replaced periodically by
other type due to advantageous mutations or environmental
changes (Koeppel et al. 2008). Instead, the CD model
propose that no dominant lineage population will be
observed because phage predation is responsible for
maintaining the diversity among closely related lineages
and this will result in each lineage acquiring different but
complementary metabolic and ecological capabilities to
exploit the niche. Therefore, it is expected that the com-
munity exploits resources more efficiently and thus the
ecosystem functioning becomes more efficient (Rodriguez-
Valera et al. 2009).

From metagenomics to pure culture: Spiribacter salinus

Sequence assembly from the metagenomic datasets of the
Santa Pola ponds with different salinities provided many
contigs related to a group of Gammaproteobacteria and
giving consistent hits to the genomes of both Alkalilimni-
cola ehrlichii MLHE-1 and Nitrococcus mobilis Nb-231.
Genomic fragments originated from metagenomic assem-
bly and principal component analysis (PCA) on the nor-
malized tetranucleotide frequencies of these contigs
suggested that this might represent an abundant and as yet
unknown bacterium or group of bacteria (Ghai et al. 2011;
Fernandez et al. 2014a; 2014b).

In an effort to culture these novel microbes, different
oligotrophic media were designed and an extensive sam-
pling and culturing was undertaken from water of ponds
from Santa Pola saltern and from another saltern located in
Isla Cristina, Southwest Spain. One strain, designated as
strain M19-40, phylogenetically related to the genera Al-
kalilimnicola and Arhodomonas, showing a 16S rRNA
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gene sequence similarity of 94.9 % to Alkalilimnicola, was
isolated from Isla Cristina saltern. It showed a 16S rRNA
percentage of similarity equivalent to that reported previ-
ously on the basis of metagenomic studies for the contigs
that represented the abundant gammaproteobacterium in
the intermediate-salinity ponds with 13-19 % total salts
(Ledn et al. 2014). Actually, the largest contigs obtained
from the 19 % metagenome from Santa Pola saltern were
clearly associated with strain M19-40, confirming the
abundance of this strain in this environment. However,
many of these contigs had lower similarities while still
being syntenic to strain M19-40, indicating that there might
be other species or related taxa present in significant
amounts in this habitat. This strain has been recently
described as a new genus and species, for which the name
Spiribacter salinus has been proposed (Ledn et al. 2014).

The complete genomes of Spiribacter salinus M19-40
and of another related strain, “Spiribacter” sp. UAH-SP71,
isolated from Santa Pola saltern were sequenced using
Illumina HiSeq 2X 100-bp paired-end (PE) reads and
Pacific Biosciences 3- to 5-Kb reads and assembled into
single contigs (Lopez-Pérez et al. 2013). The total genome
sizes were 1.74 and 1.93 Mb, respectively (the smallest
genomes described within the Ectothiorhodospiraceae),
with G 4+ C contents of 62.7 and 63.9 %, and a single
rRNA operon. The comparison of the genome of strain
M19-40 with the closest available complete genome (Al-
kalilimnicola ehrlichii MLHE-1) showed that Spiribacter
salinus is simplified in its metabolic versatility, as it misses
the chemolithotrophic and carbon fixation pathways.
Spiribacter salinus showed characteristics observed in
oligotrophic microbes with streamlined genomes that reach
high population densities in aquatic environments. The
recruitment of the genome from the available metagenomes
of hypersaline waters confirms that Spiribacter salinus is a
very abundant microbe in intermediate salinities decreasing
sharply its abundance at both high and low salinities, being
able to grow in media containing 10-25 % (w/v) NaCl and
optimally in a medium containing 15 % (w/v) NaCl. When
strain M19-40 was grown on liquid medium at 37 °C cells
adopted short and thin curved rods forms on young cultures
but they produced long spiral cells at the stationary phase,
with large polyalkanoate inclusion bodies (Fig. 3) (Ledn
et al. 2014).

The cellular fatty acid profile of Spiribacter salinus
M19-40 was characterized by the fatty acids Cig.; ®6¢/
Cis.1 @7c (60.6 %), Ci6.9 (13.4 %), Cip.0 3-OH (6.4 %)
and Cyy.9 (5.7 %) as the major fatty acids. This fatty acid
profile is quite different from that reported for Alka-
lilimnicola, for which the major fatty acids are C;g.; ®7c/
Cis.1 @9c, but Cig,; w6c (major fatty acid determined in
strain M19-40) is absent; besides, the other major fatty
acids present in strain M19-40 are not found in species of
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Alkalilimnicola. Similarly, the major fatty acids present in
strain M19-40 are also absent in species of the genera
Arhodomonas and Alkalispirillum, for which the major
fatty acids are C;g.; cysll and Cig., respectively, both
absent in strain M19-40 (Leén et al. 2014). The polar lipids
found in strain M19-40 are phosphatidylglycerol, phos-
phatidylethanolamine, a phosphoglycolipid, a phosphoa-
minoglycolipid and three phospholipids. The presence of
phosphatidylglycerol, and phosphatidylethanolamine was
also reported for Alkalilimnicola halodurans but not the
other lipids, showing a different polar lipid profile with
respect to this related bacterium (Ledn et al. 2014).

Spiribacter salinus M19-40 appeared to have the “salt-
out” strategy to balance the high environmental salinity.
Several glycine betaine transport systems were found in its
genome sequence suggesting that this compound has an
important role in its osmoregulation. The complete ectABC
gene cluster involved on the biosynthesis of ectoine was
also found. In response to osmotic stress bacteria can also
accumulate K™ as an osmoregulatory solute and pH regu-
lator. The uptake of K* is catalyzed by multiple uptake
systems. Spiribacter salinus only showed the gene cluster
trkAH that codes for the Trk transport system. The genome
of strain M19-40 was found to contain rhodopsin-coding
genes suggesting an additional energy source when light is
available (Lopez-Pérez et al. 2013).

Concluding remarks

Multi-pond salterns that create a gradient of salt concen-
trations are excellent models for studying the microbial
diversity of hypersaline habitats. One of such salterns that
has been extensively studied for more than 35 years is
located in Santa Pola, near Alicante (Spain), being proba-
bly the best known hypersaline environment in our planet.
Many studies, based on the techniques available at each
period, have permitted to determine in depth the microbial
diversity of the water of the saltern ponds, initially based
on culture-dependent methods, later on culture-indepen-
dent molecular methods and more recently on metage-
nomics. Metagenomic studies have determined that the
most concentrated NaCl saturated ponds with ca. 37 %
total salts (crystallizers) are dominated by Euryarchaeota
(mainly the square haloarchaeon Haloquadratum walsbyi)
and the nanohaloarchaea; in addition, a lower percentage
by the bacterium Salinibacter ruber. In the ponds with
intermediate salinity (13-19 % total salts) the prokaryotic
diversity is high, represented by seven higher taxa. In
contrast to the crystallizers, the number of genera and
species is higher in these intermediate ponds. An abundant
taxon in these intermediate-salinity ponds is the gamma-
proteobacterial group represented by the recently isolated
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Fig. 3 Confocal (a) and transmission electron microscopy (b—d) micrographs showing the morphology of cells of a pure culture of Spiribacter

salinus M19-40

and characterized species Spiribacter salinus, but perhaps
this is not the only species and several other related species
or genera within the family Ectothiorhodospiraceae may
be present. Besides, Euryarchaeota are also abundant in
intermediate-salinity ponds, but the predominant species in
the crystallizer and concentrator ponds are different, with
Haloguadratum and Halorubrum as the most abundant
genera, respectively. Besides, new groups of halophilic
archaea not yet isolated or described have been observed
on intermediate-salinity ponds.

The Santa Pola saltern has permitted scientists the dis-
covery of new and interesting microbes, such as the red-
pigmented extremely halophilic bacterium Salinibacter
ruber and the square haloarchaecon Haloquadratum

walsbyi, isolated about 25 years after its original observa-
tion in brine samples by A.E. Walsby (1980). The recent
discovery and isolation in pure culture of the new gam-
maproteobacterium Spiribacter salinus opens new possi-
bilities for studies on moderately halophilic bacteria. The
study of this bacterium may permit a better knowledge of
the microbial ecology and the adaptive mechanisms of
microorganisms in their natural habitats. Previous studies
on moderately halophilic bacteria have been carried out
using model organisms such as representatives of the
genera Halomonas, Chromohalobacter, Halobacillus or
Salinivibrio, which are fast-growing bacteria easily isolated
in complex laboratory media but that do not constitute a
large proportion of the microbiota of salterns. Future
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studies should be based on organisms that like S. salinus
represent abundant populations of the hypersaline habitats,
although the less abundant microbes may also play an
important role on the ecosystem and are worth detailed
study in order to understand the microbial ecology of these
habitats. If used in innovative way, metagenomics can
result in the identification of previously unknown micro-
organisms and their eventual cultivation.

Acknowledgments The research of the authors was supported by
grants from the Spanish Ministry of Science and Innovation
(CGL2013-46941-P, CGL2010-19303, CGL2009-12651-C02-01 and
BIO2011-12879-E), MAGYK (BIO2008-02444), MICROGEN
(Programa CONSOLIDER-INGENIO 2010 CDS2009-00006),
National Science Foundation (Grant DEB-0919290), MaCuMBA
Project 311975 of the European Commission FP7, the Generalitat
Valenciana (DIMEGEN PROMETEQO/2010/089 and ACOMP/2009/
155) and the Junta de Andalucia (P10-CVI-6226). FEDER funds and
the Plan Andaluz de Investigacion also supported this research. We
thank Juan Luis Ribas and Asuncion Fernandez, from the Microscopy
Service of CITIUS (General Research Services, University of Sevilla,
Spain) for technical assistance. Maria Jose Leon and Ana Beatriz
Fernandez were recipients of postgraduate and postdoctoral fellow-
ships, respectively, from the Junta de Andalucia.

References

Antén J, Llobet-Brossa E, Rodriguez-Valera F, Amann R (1999)
Fluorescence in situ hybridization analysis of the prokaryotic
community inhabiting crystallizer ponds. Environ Microbiol
1:517-523

Antén J, Rossello-Mora R, Rodriguez-Valera F, Amann R (2000)
Extremely halophilic bacteria in crystallizer ponds from solar
salterns. Appl Environ Microbiol 66:3052-3057

Antén J, Oren A, Benlloch S, Rodriguez-Valera F, Amann R,
Rossell6-Mora R (2002) Salinibacter ruber gen. nov., sp. nov., a
novel, extremely halophilic member of the Bacteria from saltern
crystallizer ponds. Int J Syst Evol Microbiol 52:485-491

Arenas M, Baifion PI, Copa-Patifio JL, Sanchez-Porro C, Ventosa A,
Soliveri J (2009) Halomonas ilicicola sp. nov., a moderately
halophilic bacterium isolated from a saltern. Int J Syst Evol
Microbiol 59:578-582

Benlloch S, Martinez-Murcia A, Rodriguez-Valera F (1995) Sequenc-
ing of bacterial and archaeal 16S rDNA genes directly amplified
from a hypersaline environment. Syst Appl Microbiol
18:574-581

Benlloch S, Acinas SG, Anton J, Lopez-Lopez A, Luz SP, Rodriguez-
Valera F (2001) Archaeal biodiversity in crystallizer ponds from
a solar saltern: culture versus PCR. Microb Ecol 41:12-19

Benlloch S, Lopez-Lopez A, Casamayor EO, Ovreas L, Goddard V,
Daee FL, Smerdon G, Massana R, Joint I, Thingstad F, Pedrds-
Alié6 C, Rodriguez-Valera F (2002) Prokaryotic genetic diversity
throughout the salinity gradient of a coastal solar saltern.
Environ Microbiol 4:349-360

Bolhuis H, Poele EM, Rodriguez-Valera F (2004) Isolation and
cultivation of Walsby’s square archaeon. Environ Microbiol
6:349-360

Boujelben I, Gomariz M, Martinez-Garcia M, Santos F, Pefa A,
Lopez C, Anton J, Maalej S (2012) Spatial and seasonal
prokaryotic community dynamics in ponds of increasing salinity
of Sfax solar saltern in Tunisia. Antonie van Leeuwenhoek
101:845-857

@ Springer

Bowers KJ, Wiegel J (2011) Temperature and pH optima of
extremely halophilic Archaea. a mini-review. Extremophiles
15:119-128

Bowers KJ, Mesbah NM, Wiegel J (2009) Biodiversity of poly-
extremophilic bacteria: does combining the extreme of high salt,
alkaline pH and elevated temperature approach a physic-
chemical boundary for life? Saline Systems 5:9

Burns DG, Janssen PH, Itoh T, Kamekura M, Li Z, Jensen G,
Rodriguez-Valera F, Bolhuis H, Dyall-Smith ML (2007) Halo-
quadratum walsbyi gen. nov., sp. nov., the square haloarchaeon
of Walsby, isolated from saltern crystallizers in Australia and
Spain. Int J Syst Evol Microbiol 57:387-392

Casamayor EO, Calderon-Paz JI, Pedros-Alio C (2000) 5S rRNA
fingerprints of marine bacteria, halophilic archaea and natural
prokaryotic assemblages along a salinity gradient. FEMS
Microbiol Ecol 34:113-119

Casamayor EO, Massana R, Benlloch S, @vreas L, Diez B, Goddard
VJ, Gasol JM, Joint I, Rodriguez-Valera F, Pedrds-Alié C (2002)
Changes in archaeal, bacterial and eukaryal assemblages along a
salinity gradient by comparison of genetic fingerprinting meth-
ods in a multipond solar saltern. Environ Microbiol 4:338-348

Claus D, Fahmy F, Rolf HJ, Tosunoglu N (1983) Sporosarcina
halophila sp. nov., an obligate, slightly halophilic bacterium
from salt marsh soils. Syst Appl Microbiol 4:496-506

Cuadros-Orellana S, Martin-Cuadrado AB, Legault B, D’Auria G,
Zhaxybayeva O, Papke RT, Rodriguez-Valera F (2007) Genomic
plasticity in prokaryotes: the case of the square haloarchaeon.
ISME J 1:235-245

de la Haba RR, Sanchez-Porro C, Marquez MC, Ventosa V (2011)
Taxonomy of halophiles. In: Horikoshi K, Antranikian G, Bull
A, Robb F, Stetter K (eds) Extremophiles handbook. Springer,
Heidelberg, pp 255-308

Dobson SJ, Franzmann PD (1996) Unification of the genera Deleya
(Baumann et al. 1983), Halomonas (Vreeland et al. 1980), and
Halovibrio (Fendrich 1988) and the species Paracoccus halo-
denitrificans (Robinson and Gibbons 1952) into a single genus,
Halomonas, and placement of the genus Zymobacter in the
family Halomonadaceae. Int J Syst Bacteriol 46:550-558

Dulau N (1983) Les domaines sédimentaires préhalitiques des marais
salants de la région de Salin-de-Giraud (France) et de Santa Pola
(Espagne). Doctoral Thesis. 3eme Cycle-Université Louis Pas-
teur, Strasbourg

Estrada M, Henriksen P, Gasol JM, Casamayor EO, Pedrds-Alié C
(2004) Diversity of planktonic photoautotrophic microorganisms
along a salinity gradient as depicted by microscopy, flow
cytometry, pigment analysis and DNA-based methods. FEMS
Microbiol Ecol 49:281-293

Fernandez AB, Ghai R, Martin-Cuadrado AB, Sanchez-Porro C,
Rodriguez-Valera F, Ventosa A (2013) Metagenome sequencing
of prokaryotic microbiota from two hypersaline ponds of
a marine saltern in Santa Pola, Spain. Genome Announc
1:e00933-13

Fernandez AB, Ghai R, Martin-Cuadrado AB, Séanchez-Porro C,
Rodriguez-Valera F, Ventosa A (2014a) Prokaryotic taxonomic
and metabolic diversity of an intermediate salinity hypersaline
habitat assessed by metagenomics. FEMS Microbiol Ecol
88:623-635

Fernandez AB, Vera-Gargallo B, Sanchez-Porro C, Ghai R, Papke
RT, Rodriguez-Valera F, Ventosa A (2014b) Comparison of
prokaryotic community structure from Mediterranean and
Atlantic saltern concentrator ponds by a metagenomic approach.
Front Microbiol 5:196

Frias-Lopez J, Shi Y, Tyson GW, Coleman ML, Schuster SC,
Chisholm SW, Delong EF (2008) Microbial community gene
expression in ocean surface waters. Proc Natl Acad Sci USA
105:3805-3810



Extremophiles (2014) 18:811-824

823

Garcia MT, Nieto JJ, Ventosa A, Ruiz-Berraquero F (1987a) The
susceptibility of the moderate halophile Vibrio costicola to
heavy metals. J Appl Bacteriol 63:63-66

Garcia MT, Ventosa A, Ruiz-Berraquero F, Kocur M (1987b)
Taxonomic study and amended description of Vibrio costicola.
Int J Syst Bacteriol 37:251-256

Garcia-Heredia I, Martin-Cuadrado AB, Mojica FIM, Santos F, Mira
A, Anton J, Rodriguez-Valera F (2012) Reconstructing viral
genomes from the environment using fosmid clones: the case of
haloviruses. PLoS ONE 7:¢33802

Ghai R, Pasi¢ L, Fernandez AB, Martin-Cuadrado AB, Mizuno CM,
McMahon KD, Papke RT, Stepanauskas R, Rodriguez-Brito B,
Rohwer F, Sanchez-Porro C, Ventosa A, Rodriguez-Valera F
(2011) New abundant microbial groups in aquatic hypersaline
environments. Sci Rep 1:135

Grant WD, Pagaling E, Marquez MC, Gutiérrez MC, Cowan DA, Ma
Y, Jones BE, Ventosa A, Heaphy S (2011) The hypersaline lakes
of Inner Mongolia: the MGAtech projet. In: Oren A, Ma Y,
Ventosa A (eds) Halophiles and hypersaline environments.
Springer, New York, pp 65-107

Guixa-Boixareu N, Calderén-Paz JI, Heldal M, Bratbak G, Pedros-
Alié C (1996) Viral lysis and bacterivory as prokaryotic loss
factors along a salinity gradient. Aquat Microb Ecol 11:215-227

Gutierrez MC, Garcia MT, Ventosa A, Ruiz-Berraquero F (1989a)
Relationships among Vibrio costicola strains assessed by DNA-
DNA hybridization. FEMS Microbiol Lett 61:37-40

Gutierrez MC, Ventosa A, Ruiz-Berrequero F (1989b) DNA-DNA
homology studies among strains of Haloferax and other halo-
bacteria. Cur Microbiol 18:253-256

Gutierrez MC, Ventosa A, Ruiz-Berrequero F (1990) Deoxyribonu-
cleic acid relatedness among species of Haloarcula and other
halobacteria. Biochem Cell Biol 68:106-110

Gutierrez MC, Kamekura M, Holmes ML, Dyall-Smith ML, Ventosa
A (2002) Taxonomic characterization of Haloferax sp. (“H.
alicantei”) strain Aa 2.2: description of Haloferax lucentensis
sp. nov. Extremophiles 6:479-483

Hao MV, Kocur M, Komagata K (1984) Marinococcus gen. nov., a
new genus for motile cocci with meso-diaminopimelic acid in
the cell wall; and Marinococcus albus sp. nov. and Marinococ-
cus halophilus (Novitsky and Kushner) comb. nov. J] Gen Appl
Microbiol 30:449-459

Juez G, Rodriguez-Valera F, Ventosa A, Kushner DJ (1986)
Haloarcula hispanica spec. nov. and Haloferax gibbonsii spec.
nov., two new species of extremely halophilic archaebacteria.
Syst Appl Microbiol 8:75-79

Kessel M, Cohen Y (1982) Ultrastructure of square bacteria from a
brine pool in Southern Sinai. J Bacteriol 150:851-860

Koeppel A, Perry EB, Sikorski J, Krizanc D, Warner A, Ward DM,
Rooney AP, Brambilla E, Connor N, Ratcliff RM, Nevo E,
Cohan FM (2008) Identifying the fundamental units of bacterial
diversity: a paradigm shift to incorporate ecology into bacterial
systematics. Proc Natl Acad Sci USA 105:2504-2509

Landry JC, Jaccard J (1984) Chimie des eaux libres dans le marais
salant de Santa-Pola, salina de Bras del Port. Rev Geol
38(39):37-53

Legault BA, Lopez-Lopez A, Alba-Casado JC, Doolittle WF, Bolhuis
H, Rodriguez-Valera F, Papke RT (2006) Environmental
genomics of “Haloquadratum walsbyi” in a saltern crystallizer
indicates a large pool of accessory genes in an otherwise
coherent species. BMC Genom 7:171

Leon MJ, Fernandez AB, Ghai R, Sanchez-Porro C, Rodriguez-
Valera F, Ventosa A (2014) From metagenomics to pure culture:
isolation and characterization of the moderately halophilic
bacterium Spiribacter salinus gen. nov., sp. nov. Appl Environ
Microbiol 80:3850-3857

Lopez-Pérez M, Ghai R, Leon MJ, Rodriguez-Olmos A, Copa-Patifio
JL, Soliveri J, Sanchez-Porro C, Ventosa A, Rodriguez-Valera F
(2013) Genomes of “Spiribacter”, a streamlined, successful
halophilic bacterium. BMC Genom 14:787

Marquez MC, Ventosa A, Ruiz-Berraquero F (1990) Marinococcus
hispanicus, a new species of moderately halophilic Gram-
positive cocci. Int J Syst Bacteriol 40:165-169

Marquez MC, Ventosa A, Ruiz-Berraquero F (1992) Phenotypic and
chemotaxonomic characterization of Marinococcus halophilus.
Syst Appl Microbiol 15:63-69

Mellado E, Moore ER, Nieto JJ, Ventosa A (1996) Analysis of 16S
rRNA gene sequences of Vibrio costicola strains: description of
Salinivibrio costicola gen. nov., comb. nov. Int J Syst Bacteriol
46:817-821

Mesbah NM, Wiegel J (2012) Life under multiple extreme conditions:
diversity and physiology of the halophilic alkalithermophiles.
Appl Environ Microbiol 78:4074-4082

Meseguer I, Rodriguez-Valera F, Ventosa A (1986) Antagonistic
interactions among halobacteria due to halocin production.
FEMS Microbiol Let 36:177-182

Moldoveanu N, Kates M, Montero CG, Ventosa A (1990) Polar lipids
of non-alkaliphilic Halococci. Biochim Biophys Acta
1046:127-135

Monteoliva-Sanchez M, Ventosa A, Ramos-Cormenzana A (1989)
Cellular fatty acid composition of moderately halophilic cocci.
Syst Appl Microbiol 12:141-144

Montero CG, Ventosa A, Ruiz-Berraquero F, Rodriguez-Valera F
(1988) Taxonomic study of non-alkaliphilic halococci. J Gen
Microbiol 134:725-732

Nieto JJ, Ventosa A, Ruiz-Berraquero F (1987) Susceptibility of
halobacteria to heavy metals. Appl Environ Microbiol
53:1199-1202

Nieto JJ, Fernandez-Castillo R, Marquez MC, Ventosa A, Quesada E,
Ruiz-Berraquero F (1989a) Survey of metal tolerance in
moderately halophilic eubacteria. Appl Environ Microbiol
55:2385-2390

Nieto JJ, Ventosa A, Montero CG, Ruiz-Berraquero F (1989b)
Toxicity of heavy metals to archaebacterial halococci. Syst Appl
Microbiol 11:116-120

Nieto JJ, Fernandez-Castillo R, Garcia MT, Mellado E, Ventosa A
(1993) Survey of antimicrobial susceptibility of moderately
halophilic and extremely halophilic aerobic Archaeobacteria;
utilization of antimicrobial resistance as a genetic marker. Syst
Appl Microbiol 16:352-360

Oren A (1990) Estimation of the contribution of halobacteria to the
bacterial biomass and activity in solar salterns by the use of bile
salts. FEMS Microbiol Ecol 73:41-48

Oren A (2011) Ecology of halophiles. In: Horikoshi K, Antranikian
G, Bull A, Robb F, Stetter K (eds) Extremophiles handbook.
Springer, Heidelberg, pp 344-361

Oren A, Rodriguez-Valera F (2001) The contribution of halophilic
bacteria to the red coloration of saltern crystallizer ponds. FEMS
Microbiol Ecol 36:123-130

Pagaling E, Wang H, Venables M, Wallace A, Grant WD, Cowan
DA, Jones BE, Ma Y, Ventosa A, Heaphy S (2009) Microbial
biogeography of six salt lakes in Inner Mongolia, China, and a
salt lake in Argentina. Appl Environ Microbiol 75:5750-5760

Papke RT, Douady CJ, Doolittle WF, Rodriguez-Valera F (2003)
Diversity of bacteriorhodopsins in different hypersaline waters
from a single Spanish saltern. Environ Microbiol 5:1039-1145

Papke RT, Koenig JE, Rodriguez-Valera F, Doolittle WF (2004)
Frequent recombination in a saltern population of Halorubrum.
Science 306:1928-1929

Pasi¢ L, Rodriguez-Mueller B, Martin-Cuadrado AB, Mira A,
Rohwer F, Rodriguez-Valera F (2009) Metagenomic islands of

@ Springer



824

Extremophiles (2014) 18:811-824

hyperhalophiles: the case of Salinibacter ruber. BMC Genom
10:570

Pedros-Alio C, Calderon-Paz JI, MacLean MH, Medina G, Marrasé
C, Gasol JM, Guixa-Boixereu N (2000) The microbial food web
along salinity gradients. FEMS Microbiol Ecol 32:143-155

Podell S, Emerson JB, Jones CM, Ugalde JA, Welch S, Heidelberg
KB, Banfield JF, Allen EE (2013) Seasonal fluctuations in ionic
concentrations drive microbial succession in a hypersaline lake
community. ISME J 8:¢61692

Quesada E, Valderrama MJ, Bejar V, Ventosa A, Ruiz-Berraquero F,
Ramos-Cormenzana A (1987) Numerical taxonomy of moder-
ately halophilic Gram-negative nonmotile eubacteria. Syst Appl
Microbiol 9:132-137

Rodriguez-Valera F (1988) Characteristics and microbial ecology of
hypersaline environments. In: Rodriguez-Valera F (ed) Halo-
philic bacteria. CRC Press, Boca Raton, pp 3-30

Rodriguez-Valera F, Juez G, Kushner DJ (1982) Halocins: salt-
dependent bacteriocins produced by extremely halophilic rods.
Can J Microbiol 28:151-154

Rodriguez-Valera F, Juez G, Kushner DJ (1983) Halobacterium
mediterranei spec, nov., a new carbohydrate-utilizing extreme
halophile. Syst Appl Microbiol 4:369-381

Rodriguez-Valera F, Martin-Cuadrado AB, Rodriguez-Brito B, Pasic¢
L, Thingstad TF, Rohwer F, Mira A (2009) Explaining microbial
population genomics through phage predation. Nat Rev Micro-
biol 7:828-836

Rodriguez-Valera F, Ruiz-Berraquero F, Ramos-Cormenzana A
(1981) Characteristics of the heterotrophic bacterial populations
in hypersaline environments of different salt concentrations.
Microb Ecol 7:235-243

Rodriguez-Valera F, Ventosa A, Juez G, Imhoff JF (1985) Variation
of environmental features and microbial populations with salt
concentrations in a multipond saltern. Microb Ecol 11:107-115

Santos F, Meyerdierks A, Pefia A, Rossello-Mora R, Amann R, Anton
J (2007) Metagenomic approach to the study of halophages: the
environmental halophage. Environ Microbiol 9:1711-1723

Santos F, Yarza P, Parro V, Briones C, Antén J (2010) The
metavirome of a hypersaline environment. Environ Microbiol
12:2965-2976

Santos F, Moreno-Paz M, Meseguer I, Lopez C, Rossello-Mora R,
Parro V, Antéon J (2011) Metatranscriptomic analysis of
extremely halophilic viral communities. ISME J 5:1621-1633

Spring S, Ludwig W, Marquez MC, Ventosa A, Schleifer KH (1996)
Halobacillus gen. nov., with descriptions of Halobacillus
litoralis sp. nov., and Halobacillus trueperi sp. nov., and transfer
of Sporosarcina halophila to Halobacillus halophilus comb.
nov. Int J Syst Bacteriol 46:492-496

Stoeckenius W (1981) Walsby’s square bacterium: fine structure of an
orthogonal procaryote. J Bacteriol 148:352-360

@ Springer

Tang S-L, Nuttal S, Ngui K, Fisher C, Lopez P, Dyall-Smith M
(2002) HF2: a double-stranded DNA tailed haloarchaeal virus
with a mosaic genome. Mol Microbiol 44:283-296

Torreblanca M, Rodriguez-Valera F, Juez G, Ventosa A, Kamekura
M, Kates M (1986) Classification of non-alkaliphilic halobac-
teria based on numerical taxonomy and polar lipid composition,
and description of Haloarcula gen. nov. and Haloferax gen. nov.
Syst Appl Microbiol 8:89-99

Valderrama MJ, Quesada E, Bejar V, Ventosa A, Gutiérrez MC,
Ruiz-Berraquero F, Ramos-Cormenzana A (1991) Deleya salina
sp. nov., a moderately halophilic Gram-negative bacterium. Int J
Syst Bacteriol 41:377-384

Ventosa A (1993) Molecular taxonomy of Gram-positive moderately
halophilic cocci. Experientia 49:1055-1058

Ventosa A (2006) Unusual micro-organisms from unusual habitats:
hypersaline environments. In: logan NA, Lappin-Scott HM,
Oyston PCF (eds) Prokaryotic diversity: mechanisms and
significance. =~ Cambridge  University Press, Cambridge,
pp 223-253

Ventosa A, Quesada E, Rodriguez-Valera F, Ruiz-Berraquero F,
Ramos-Cormenzana A (1982) Numerical taxonomy of moder-
ately halophilic Gram-negative rods. J Gen Microbiol
128:1959-1968

Ventosa A, Ramos-Cormenzana A, Kocur M (1983) Moderately
halophilic gram-positive cocci from hypersaline environments.
Syst Appl Microbiol 4:564-570

Ventosa A, Gutiérrez MC, Garcia MT, Ruiz-Berraquero F (1989)
Classification of “Chromobacterium marismortui” in a new
genus, Chromohalobacter gen. nov., as Chromohalobacter
marismortui comb. nov., nom. rev. Int J Syst Bacteriol
39:382-386

Ventosa A, Marquez MC, Ruiz-Berraquero F, Kocur M (1990)
Salinicoccus roseus gen. nov., sp. nov., a new moderately
halophilic Gram-positive coccus. Syst Appl Microbiol 13:29-33

Ventosa A, Marquez MC, Weiss N, Tindall BJ (1992) Transfer of
Marinococcus hispanicus to the genus Salinicoccus as Salini-
coccus hispanicus comb. nov. Syst Appl Microbiol 15:530-534

Walsby AE (1980) A square bacterium. Nature 283:69-71

Wilhelm LJ, Tripp HJ, Givan SA, Smith DP, Giovannoni SJ (2007)
Natural variation in SAR11 marine bacterioplankton genomes
inferred from metagenomic data. Biol Direct 2:27

Yoon JH, Kang SJ, Oh TK (2007) Reclassification of Marinococcus
albus Hao et al. 1985 as Salimicrobium album gen. nov., comb.
nov. and Bacillus halophilus Ventosa et al. 1990 as Salimicr-
obium halophilum comb. nov., and description of Salimicrobium
luteum sp. nov. Int J Syst Evol Microbiol 57:2406-2411

Zhaxybayeva O, Stepanauskas R, Mohan NR, Papke RT (2013) Cell
sorting analysis of geographically separated hypersaline envi-
ronments. Extremophiles 17:265-275



	The Santa Pola saltern as a model for studying the microbiota of hypersaline environments
	Abstract
	Introduction
	Culture-dependent studies in Santa Pola saltern
	Culture-independent studies in Santa Pola saltern
	Metagenomic studies in Santa Pola saltern
	Metagenomics of dominant prokaryotic species
	Prokaryotic diversity along a salinity gradient
	Diversity of phages

	From metagenomics to pure culture: Spiribacter salinus
	Concluding remarks
	Acknowledgments
	References


