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Gammaproteobacteria classes) and Bacteroidetes. Compara-
tive analysis showed that members of the Euryarchaeota, 
Bacteroidetes, Proteobacteria, and Cyanobacteria phyla were 
major inhabitants of the solar salterns.
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Introduction

Hypersaline environments represented by hypersaline lakes, 
soils, springs, solar salterns, and rock salt deposits are widely 
distributed. Studies on hypersaline ecosystems have mainly 
focused on saline lakes and solar salterns (Benlloch et  al. 
2002; Casamayor et al. 2002; Burns et al. 2004; Maturrano 
et al. 2006; Mutlu et al. 2008; Baati et al. 2008; Makhdoumi-
Kakhki et al. 2012). Solar salterns are considered model sys-
tems for ecological studies because of their low microbial 
diversity and relatively constant environmental conditions. 
Microbial communities of crystallizer ponds are well defined 
and characterized by dense populations of haloarchaeal spe-
cies, particularly Haloquadratum (previously known as the 
square haloarchaeon of Walsby) and the extremely halophilic 
bacterium Salinibacter ruber, which is affiliated with the 
phylum Bacteroidetes (Antón et al. 2002; Burns et al. 2004; 
Oren and Rodrı́guez-Valera 2001; Oren 2008).

Erzincan and Sivas are provinces located east of Anato-
lia in Turkey. The Tertiary basin that extends between the 
two provinces is represented by deep sea, shallow sea, and 
lagunar and continental sediments, showing complex sedi-
mentary and tectonic features, and began its formation in 
the Paleogene period (Aktimur et al. 1990; Çiner and Koşun 
1996). Tuzlagözü, Fadlum, Bingöl (Sivas) and Kemah 
(Erzincan) salterns are found in this area, and consist of 

Abstract  The prokaryotic communities of four salterns 
(Bingöl, Fadlum, Kemah, and Tuzlagözü) in Turkey were 
examined and compared using the cultivation and cultiva-
tion-independent methods [fluorescence in  situ hybridization 
(FISH) and 454 pyrosequencing]. FISH analysis with uni-
versal probes revealed that feeding waters carried 1.6 × 102–
1.7  ×  103  cells  mL−1, while crystallization ponds carried 
3.8 × 106–2.0 × 107 cells mL−1 that were mostly haloarchaea, 
including square cells (except for Kemah). High-throughput 
16S rRNA-based gene sequencing showed that the most fre-
quent archaeal OTUs in Bingöl, Fadlum, Tuzlagözü, and 
Kemah samples were affiliated with Haloquadratum (76.8 %), 
Haloarcula (27.8  %), Halorubrum (49.6  %), and Halono-
tius (59.8  %), respectively. Bacteroidetes was the dominant 
bacterial phylum in Bingöl and Fadlum, representing 71.5 
and 79.5  % of the bacterial OTUs (respectively), while the 
most abundant bacterial phylum found in the Kemah saltern 
was Proteobacteria (79.6  %). The majority of the bacterial 
OTUs recovered from Tuzlagözü belonged to the Cyanobac-
teria (35.7  %), Bacteroidetes (35.0  %), and Proteobacteria 
(25.5 %) phyla. Cultivation studies revealed that the archaeal 
isolates were closely related to the genera Halobacterium, 
Haloarcula, and Halorubrum. Bacterial isolates were con-
fined to two phyla, Proteobacteria (Alphaproteobacteria and 
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many evaporation ponds fed by hypersaline spring water. 
There are many reports related to the microbiota of coastal 
salterns fed by sea water (Benlloch et al. 2002; Burns et al. 
2004; Baati et al. 2008; Sabet et al. 2009), but few studies 
of inland salterns fed by hypersaline spring water (Matur-
rano et  al. 2006). These four salterns have no connection 
with the sea, but their salt compositions resemble thalasso-
haline environments (Oren 2002), derived from evaporated 
seawater, and are rich in sodium ions.

Currently, high-throughput sequencing methods allow us 
to comprehensively analyze the structure of microbial com-
munities from different environmental samples and have 
recently been used to investigate the microbial composi-
tions of different hypersaline environments (Ghai et al. 2011; 
Fernández et al. 2014). In the present work, we used pyrose-
quencing to reveal the microbial community composition of 
crystallizers and also investigated the microbiota inhabiting 
both the crystallizers and feeding waters using the cultiva-
tion and FISH-based analyses. The results obtained from 
analyzing crystallizers of the Tuzlagözü, Fadlum, and Bingöl 
salterns demonstrated many shared features between them as 
well as with those obtained from previous studies, while the 
microbiota of the Kemah salterns displayed a distinct profile.

Materials and methods

Sampling and physico–chemical analysis

Water samples (5 L each) were collected from hypersaline 
spring waters and crystallization ponds associated with 

the Tuzlagözü (39°43″N, 37°40″E), Fadlum (39°41″N, 
37°07″E), Bingöl (39°43″N, 37°07″E) (June, 2012), 
and Kemah salterns (39°39″N, 39°02″E) (August, 2011) 
(Fig.  1). Total salt concentrations of the samples were 
measured with a hand refractometer (Eclipse) and refrac-
tive indices were determined by a Bausch and Lomb refrac-
tometer. The pH of each sample was measured as well 
(Mettler Toledo, Schwerzenbach, Switzerland).

DAPI counts and FISH

Samples were treated with 7 % formaldehyde to fix cells, 
and then filtered (0.2  μm filters, GTTP, Millipore, MA, 
USA) to collect them. An optimized FISH protocol for 
extremely halophilic microorganisms was performed as 
described previously (Antón et  al. 1999), using domain-
specific probes; Arc915 for Archaea, and EUB338 for 
Bacteria (Amann et  al. 1990, 1995). After hybridization 
and DAPI staining, the cells were counted using epifluo-
rescence microscopy (Leica DM6000 M) and enumeration 
performed across approximately 30 microscopic fields per 
sample (Snaidr et al. 1997).

Nucleic acid extraction

100 milliliter of each sample was used for nucleic acid extrac-
tion using a modified version of the methods of Cifuentes 
et al. (2000) and Nogales et al. (1999), as previously described 
in detail (Mutlu et  al. 2008). For the collection of microor-
ganisms, water samples were filtered through a 0.22-µm pore 
size GV filter (Durapore, Millipore). Filters were then cut 

Fig. 1   Gray circles on the map show sampling locations (Fadlum, Bingöl, Tuzlagözü, and Kemah salterns)
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into pieces and mixed with extraction buffer (100 mM Tris–
HCl, 100 mM EDTA pH 8.0), lysozyme (3 mg mL−1), and 
incubated at 37 °C. Proteinase K (150 mg mL−1) and 10 % 
sodium dodecyl sulfate were added and samples incubated at 
37  °C. After the addition of 5-M NaCl and CTAB solution 
(10 % CTAB, 0.7 M NaCl), samples were treated with liquid 
nitrogen and then incubated in a water bath at 65 °C. Nucleic 
acid extraction and purification were performed using phe-
nol–chloroform–isoamyl alcohol (25:24:1) followed by etha-
nol precipitation and resuspension in sterile Milli-Q water. 
Nucleic acid samples were, subsequently, stored at −80 °C.

Isolation and cultivation

Modified growth medium (MGM) (supplemented with 0.1 % 
yeast extract and 0.5 % peptone) with 12, 18, or 23 % total 
salt concentration was used to isolate microorganisms. Seawa-
ter medium (supplemented with 1 % yeast extract) with 25 % 
total salt concentration, DSMZ medium (containing 0.1  % 
yeast extract) for Salinibacter ruber, and DBCM2 medium 
(containing 0.1  % pyruvate) were also used (Dyall-Smith 
2009). Water samples were directly used for inoculation as 
were serial 100-fold dilutions (10−2, 10−4, 10−6). Plates were 
incubated aerobically at 37  °C for 6  weeks. Colonies were 
picked and subsequently restreaked three times on the same 
medium. Isolates were then stored as 15 % glycerol stocks at 
−80 °C. Based on morphological features, some of the colo-
nies were selected and suspended in sterile 100-μL Milli-
Q water to extract DNA by boiling. For colonies, the DNA 
extraction protocol mentioned in the previous section was 
used. Polymerase chain reaction (PCR) amplification prod-
ucts of the 16S rRNA genes were obtained from each of the 
DNA extracts. Broad-range PCR primers specific for Bacte-
ria and Archaea were used in these reactions; 21f (5′-TTCC 
GGTTGATCCTGCCGGA-3′) (DeLong 1992) specific for 
the Archaea domain and 27f (5′-AGAGTTTGATCATGG 
CTCAG-3′) (Lane et  al. 1985) specific for the Bacteria 
domain were used as forward primers, while 1492r (5′-GGTT 
ACCTTGTTACGACTT-3′) (Lane et al. 1985) was used as the 
reverse primer for both Bacteria and Archaea. Positive control 
DNA templates were also tested (Haloarcula hispanica for 
Archaea and Salinibacter ruber for Bacteria). PCR products 
were analyzed using agarose gel electrophoresis (1 % agarose 
gels) and depending on the presence of signal, isolates were 
classified as either Bacteria or Archaea. Amplified ribosomal 
DNA restriction analysis (ARDRA) was then used to further 
characterize the isolates. Briefly, the PCR products of the 16S 
rRNA genes were digested with the restriction endonucleases 
HinfI and MboI (Fermentas) at 37  °C overnight and diges-
tion products visualized by agarose gel electrophoresis (2 % 
agarose gels). Resulting ARDRA patterns were analyzed and 
compared, and a representative from each distinct ARDRA 
pattern was selected for sequencing.

DNA sequence analysis and phylogenetic tree 
construction

PCR products of the 16S rRNA genes obtained from cul-
tivated isolates were purified (Wizard® SV Gel and PCR 
Clean-Up System; Promega) and sequenced (CEQ™ 
8000 DNA sequencer; Beckman Coulter, Fullerton, CA, 
USA). Sequences were compared with those present 
in the Ribosomal Database Project (RDP) (Cole et  al. 
2013) and screened for putative chimeras using Bel-
lerophon (Huber et  al. 2004). Sequences were aligned 
using MUSCLE (Edgar 2004), and phylogenetic tree 
reconstructions were performed using maximum likeli-
hood and PhyML (bootstrap values calculated from 100 
bootstrap replicates; Dereeper et al. 2008; Guindon et al. 
2010).

Pyrosequencing and data analysis

Total DNA from the various water samples was sent to 
a commercial sequencing service (ChunLab Inc., Seoul, 
South Korea) for pyrosequencing targeting the V1–
V3 region of the 16S rRNA gene using a Roche 454 
GS FLX+/Junior system. Pyrosequencing reads were 
grouped into operational taxonomic units (OTUs) at 
97 % sequence similarity using CD-HIT (Li and Godzik 
2006). The EzTaxon-e database was then used for taxo-
nomic classification (Kim et  al. 2012, http://eztaxon-e.
ezbiocloud.net/) and chimeric sequences removed with 
UCHIME (Edgar et al. 2011). Estimation of alpha diver-
sity and community composition were performed with 
the CLcommunity™ program (ChunLab Inc., South 
Korea).

Nucleotide accession numbers

Sequences have been deposited in GenBank under acces-
sion numbers KF668248-66, KF976348-62, KF985241, 
and KJ787792-94.

Results

Sampling and physico–chemical analysis

The total salinity of the samples obtained from hypersa-
line spring waters and crystallization ponds was deter-
mined by a hand refractometer and ranged from 18 to 25 
and 20 to 27 %, respectively. The refractive indices of the 
samples ranged between 1.3635 (accounting for ~20  g 
salt/100 g) and 1.3801 (accounting for ~26 g salt/100 g). 
pH was also measured and found to be approximately 
neutral (Table 1).

http://eztaxon-e.ezbiocloud.net/
http://eztaxon-e.ezbiocloud.net/
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DAPI counts and FISH analysis

Total cell counts revealed that the number of microbial 
cells in the hypersaline spring waters was very low, in con-
trast to the crystallization ponds, in which total cells were 
above 106 cells mL−1 (Table 2). The Fadlum (27 % salin-
ity), Bingöl (25 % salinity), and Tuzlagözü (20 % salinity) 
crystallization ponds were dominated by archaeal cells, 
comprising 94.2, 76.6, and 56.4  % of the community, 
respectively, based on an Archaea-specific probe. These 
results showed that with increased salinity, the archaeal 
population comprised a greater fraction of the community, 
except for the Kemah sample (27  % salinity), in which 
bacterial cells were the majority fraction (92.4 %), and the 
square cells that were observed within the Bingöl, Fadlum, 
and Tuzlagözü ponds were not present within the Kemah 
pond. Eukaryote-like cells were also observed, particu-
larly in feeding waters (Fig. 2), but bacterial and archaeal 
cells comprised the majority of the communities (>84 %) 
in all four samples. In the Maras paper by Maturrano et al. 
(2006), there is also a figure showing eukaryotic-like cells 
in the spring water. 

Isolation of Bacteria and Archaea

Isolation of Bacteria and Archaea was performed using 
MGM and SW media across a range of salinity. Viable 
counts on MGM, with salt concentration at 18 and 23  %, 
ranged between 7.3 × 103 and 3.0 × 104 cfu mL−1 (crys-
tallization ponds) and 2.4 ×  102 and 1.5 ×  103  cfu mL−1 
(hypersaline spring waters). Viable counts were found to be 
affected by salt concentration in the medium. Media supple-
mented with 12 or 25 % salt yielded low numbers of colo-
nies. No colonies appeared on plates with 25 % salt which 
were inoculated with hypersaline spring waters (except 
Kemah). Most of the bacterial isolates were moderately 
halophilic, growing optimally in the presence of 6–15  % 
salt. However, Salinibacter ruber and all archaeal strains 
were extremely halophilic and growth occurred optimally 
between 18 and 25  % salt. Halotolerant microorganisms 
were also isolated, such as Photobacterium strains. 393 
isolates, consisting of 252 Bacteria and 141 Archaea, were 
selected for further study on the basis of their differing mor-
phological features, salt responses and sampling locations. 
Analysis of their 16S rRNA genes by ARDRA revealed 9 
different patterns within the archaeal isolates and 27 pat-
terns for the bacterial isolates (supplementary Table S1).

The 16S rRNA genes of representative archaeal isolates 
from the nine ARDRA patterns were sequenced and found 
to be closely related to previously described haloarchaeal 
species. All fell within three genera: Haloarcula, Haloru-
brum, and Halobacterium. Representatives of these genera 
have been widely isolated from hypersaline environments 
(Benlloch et  al. 2002; Burns et  al. 2004; Maturrano et  al. 
2006; Sabet et  al. 2009; Caton et  al. 2009; Makhdoumi-
Kakhki et al. 2012; Dillon et al. 2013). The most abundant 
haloarchaeon was Haloarcula isolated from the Fadlum, 
Tuzlagözü, and Bingöl salterns. Halobacterium salinarum 
was isolated from all of the crystallization ponds, except 

Table 1   Physico–chemical parameters of the samples

Salinity (%) pH Refractive 
indices

Bingöl hyper. spring water 25 7.51 1.3745

Bingöl cryst. ponds 25 7.13 1.379

Fadlum hyper. spring water 25 7.73 1.376

Fadlum cryst. ponds 27 7.31 1.3798

Kemah hyper. spring water 18 6.92 1.3635

Kemah cryst. ponds 27 6.12 1.3801

Tuzlagözü hyper. spring water 19 7.76 1.367

Tuzlagözü cryst. ponds 20 7.61 1.3675

Table 2   Total cell counts with DAPI, % Archaea, and Bacteria with FISH probes and cfu mL−1of the crystallizers and feeding waters

Total DAPI counts/mL (mean/SD) Arc915 % EUB338 % cfu mL−1 (mean/SD)

Bingöl cryst. ponds 1.5 × 107 ± 1.9 × 106 76.6 8.3 9.5 × 103 ± 2.4 × 103

Bingöl spring water 2.1  × 102 ± 6.3 × 10 – – 2.5 × 102 ± 2.5 × 10

Fadlum cryst. ponds 3.8 × 106 ± 5.2 × 105 94.2 4.4 7.3 × 103 ± 2.7 × 103

Fadlum spring water 1.6  × 102 ± 4.1 × 10 – – 2.4 × 102 ± 9.6 × 10

Tuzlagözü cryst. ponds 9.8 × 106 ± 1.6 × 106 56.4 34.8 7.7 × 103 ± 2.3 × 103

Tuzlagözü spring water 1.7  × 102 ± 6.6 × 10 – – 3.2 × 102 ± 1.0 × 102

Kemah cryst. ponds 2.0 × 107 ± 3.2 × 106 3.8 92.4 3.0 × 104 ± 8.8 × 103

Kemah spring water 1.7  × 103 ± 2.6 × 102 – – 1.5 × 103 ± 5.2 × 102
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feeding waters, and was readily isolated on 25 % SW sup-
plemented with 1  % yeast extract. Sequencing of bacte-
rial representatives of the 27 ARDRA patterns revealed a 
wide diversity of genera, but all belonged to two phyla: 
Proteobacteria (Alphaproteobacteria and Gammaproteo-
bacteria) and Bacteroidetes. Members of these phyla were 
also dominant in Chula Vista (USA) and Sfax, as previ-
ously reported (Baati et al. 2008; Zhaxybayeva et al. 2013). 
Salicola-related sequences showed high-sequence similar-
ity with those isolated from Maras solar salterns fed by 
hypersaline spring water (Maturrano et  al. 2006), isolated 
from both crystallization ponds and feeding waters, was 
the most frequent bacterial isolate (27.3  % of the bacte-
rial isolates) in our study. Thalassospira- and Halomonas-
related strains were also abundant. The remaining isolates 
were phylogenetically related to the genera Salinibacter, 
Rhodovibrio, Marinobacter, Idiomarina, Photobacterium, 
Vibrio, Chromohalobacter, Fodinibius, and Salinivibrio. 
16S rRNA-encoding genes from some bacterial isolates 
had <95  % sequence similarity with previously cultured 
sequences, indicating that they may be representatives of 
novel genera obtained using modified growth medium with 
12  % total salt concentration. The diversity of isolates at 
the genus-level is summarized in Fig. 3. Phylogenetic anal-
ysis was performed using PhyML. Sequences recovered 

from the isolates were aligned, and the phylogenetic trees 
for Archaea and Bacteria constructed based on complete or 
nearly complete 16S rRNA sequences using different algo-
rithms are shown in Figs. 4 and 5.  

Pyrosequencing, rarefaction analysis, and diversity 
indices

Pyrosequencing of all samples yielded a total of 40,995 
high-quality reads with an average length of ~440 bp, and 
were subsequently clustered into operational taxonomic 
units (OTUs, 97  % similarity). Archaeal OTUs represent-
ing eight genera within the Class Halobacteria (Haloar-
cula, Halonotius, Halorubrum, Haloplanus, Halorhabdus, 
Natronomonas, Halomicroarcula, and Halorubellus) and 
bacterial OTUs representing seven genera within the Bacte-
roidetes, Proteobacteria, and Cyanobacteria phyla (Salini-
bacter, Aliifodinibius, Spiribacter, Acinetobacter, Halovi-
brio, Salicola, and Euhalothece) were shared between the 
four salterns (Fig.  6). The most abundant bacterial OTUs 
affiliated with Salisaeta (54.3  %), Salinibacter (68.9  %), 
Euhalothece (34.3  %), and Pseudomonas (16.2  %) were 
in the Bingöl, Fadlum, Tuzlagözü, and Kemah salterns, 
respectively (Figs.7, 8). Shannon–Wiener indices, rarefac-
tion curves, and ACE and Chao1 richness estimators were 

Fig. 2   Images of the crystallizer microbiota (a–e). DAPI staining 
shown on the left, and hybridization signals with FISH probes Arc915 
(a, b–d) and Eub338 (c–e) on the right. Cells in the water feeding 

the salterns (hypersaline spring waters) (f–g) show DAPI staining. 
Image sources were Bingöl (a), Tuzlagözü (b, c, f), Fadlum (d, g), 
and Kemah salterns (e)
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used to characterize the diversity and species richness of 
the communities (Table  3). While the microbial commu-
nities of Fadlum and Tuzlagözü exhibited higher diversity 
(H′) and estimated richness (ACE, Chao1), Bingöl had the 
least diverse communities. Rarefaction analysis and the 
value of coverage (0.89) indicated that the sampling was 
not sufficient to predict the actual archaeal species richness 
of Fadlum, in which the most diverse archaeal community 
was detected (H′ = 4.83) (Table 3; Fig. 9).

Discussion

Tuzlagözü, Fadlum, Bingöl, and Kemah salterns could be 
classified as thalassohaline environments, and consist of 

ponds fed by hypersaline springs. Total salt concentration 
of the sampling ponds (20–27 %) was slightly lower than 
those previously studied, for instance, Maras (30–31  %), 
Sfax (20–36  %), and Santa Pola (22.4–37  %) (Antón 
et al. 2000; Maturrano et al. 2006; Boujelben et al. 2012). 
Total cell counts in the ponds varied between 3.8 ×  106 
and 2.0 ×  107  cells  mL−1. Similar results were reported 
before from other salterns and salt lakes using DAPI counts 
(Antón et  al. 2000; Maturrano et  al. 2006; Mutlu et  al. 
2008; Boujelben et  al. 2012; Makhdoumi-Kakhki et  al. 
2012). The proportion of Archaea to Bacteria in the ponds 
was highly variable, but generally, the archaeal cells out-
numbered the bacterial cells, as reported before (Maturrano 
et al. 2006; Mutlu et al. 2008; Boujelben et al. 2012; Makh-
doumi-Kakhki et al. 2012).

Fig. 3   Distribution of the isolates at genus level obtained from the crystallization ponds and hypersaline spring waters. No archaeal isolates 
were obtained from Kemah hypersaline spring water
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Fig. 4   Phylogenetic tree of members of the Bacteria was constructed 
by the maximum likelihood treeing algorithm. Black circles represent 
16S rDNA sequences from isolates obtained. Sequence of Thermus 

filiformis strain DSM 4687 was used as an outgroup. Scale bar repre-
sents expected number of substitutions per site
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A vast number of the archaeal OTUs (~96 %) detected 
in the pyrosequencing data showed high-sequence similar-
ity with known archaeal genera and have been previously 
cultured or detected within clone libraries from solar salt-
erns sand salt lakes (Burns et al. 2004; Walsh et al. 2005; 
Baati et al. 2008, 2010; Dillon et al. 2013). However, the 
number of novel archaeal genera (19) was notable, even 
though they comprised small fractions overall of the 
archaeal communities in our sampling sites. All archaeal 
sequences fell into the Class Halobacteria, and the phy-
lotypes, assigned to a new family within the order Halo-
bacteriales, constituted lower proportion of the overall 
archaeal sequences (1.2 %), and had similarity to the phy-
lotypes obtained from the crystallizers in Australia (Oh 
et al. 2010). Analysis of the average community composi-
tion of the four solar salterns showed that the most highly 
represented genus was Haloquadratum which made up 
23.6  % of the total archaeal pyrosequencing reads, fol-
lowed by Halorubrum (19.6  %), Haloarcula (16.9  %), 
and Halonotius (16.6  %). OTUs affiliated with Halo-
quadratum, retrieved in this study, were similar to those 
obtained from clone libraries recovered from solar salterns 

in Tunisia, Mexico, and Spain (Baati et  al. 2008; Dillon 
et  al. 2013; Fernández et  al. 2014). Halonotius-related 
pyrosequencing reads shared similarities with Halonotius 
pteroides isolated from Australian crystallizers and clones 
recovered from salt crystals processed from Mediterranean 
seawater (Burns et  al. 2004; Baati et  al. 2010). Strains 
belonging to genera Halorubrum and Haloarcula were 
isolated and related sequences detected by pyrosequenc-
ing indicating that it comprised a significant percentage 
of the archaeal portion of the communities. Another major 
group within the isolates was Halobacterium, for which 
associated OTUs constituted only a minor portion (0.6 %) 
of the overall pyrosequencing reads. When comparing our 
pyrosequencing data with those obtained from Santa Pola, 
in which microbiota inhabiting ponds of different salini-
ties (13, 19, 37  %) were investigated, Haloquadratum 
was the most represented archaeal genus in the ponds of 
Bingöl (25 % salinity) and Santa Pola (37 % salinity). The 
abundance of OTUs related with Halorubrum and Halo-
quadratum were notable within the ponds of Tuzlagözü 
(20  % salinity) and Santa Pola (19  % salinity) both of 
which also contained Halomicrobium-, Natronomonas-, 

Fig. 5   Phylogenetic tree of members of the Archaea was constructed 
by maximum likelihood. Black circles represent 16S rDNA sequences 
from the isolates. Sequence of Methanococcus voltae strain A3 was 

used as an outgroup. Scale bar represents expected number of substi-
tutions per site
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Halobacterium-, and Haloferax-related OTUs which con-
stituted a lower proportion of the pyrosequencing reads 
(Ghai et al. 2011; Fernández et al. 2014).

Members of the Bacteroidetes phylum were found to 
be the major inhabitants of the crystallizers. Almost half of 
the bacterial OTUs were clustered within the Bacteroidetes 

Fig. 6   Comparison of the four salterns according to cultivation and pyrosequencing results. Figures show shared genera between the four salt-
erns (a), the genera that are unique to the salterns (b), and the other genera detected in some salterns (c)

Fig. 7   Archaeal community compositions of crystallizers displayed as pie charts at genus-level (genera assigned at a 94.5 % sequence similarity 
cut-off value; genera representing less than 2 % of total archaeal communities are not shown)
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Fig. 8   Bacterial community compositions of the crystallizers are dis-
played as double pie charts. The inner circles indicates phyla, while 
the outer circles display genera assigned at a 94.5 % sequence simi-

larity cut-off value (genera representing less than 2 % of total bacte-
rial communities are not shown)

Table 3   Pyrosequencing 
data and diversity indices of 
the archaeal and bacterial 
communities of the crystallizers

ARL average read length, H′ Shannon–Wiener diversity index

Samples Valid reads ARL OTUs Ace Chao1 H′ Good’s coverage

Bingöl Archaea 4168 427.5 151 257.3 212.6 2.63 0.98

Bacteria 6180 452.9 213 431.9 343.5 2.91 0.98

Fadlum Archaea 2359 425.1 440 1329.6 880.6 4.83 0.89

Bacteria 6527 468.5 457 822.8 722.5 4.42 0.97

Kemah Archaea 4959 428 138 254.7 194 2.98 0.99

Bacteria 6969 455.3 390 537.1 549.3 4.52 0.98

Tuzlagözü Archaea 3833 419.6 343 497.4 489.8 4.24 0.96

Bacteria 6076 447.6 532 1178 901 4.30 0.96

Fig. 9   Rarefaction curves generated from pyrosequencing data for each sample (OTU definition based on 97 % sequence similarity)
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(48.3  %) phylum in our study, and the sequences belong-
ing to this phylum were similar to those previously retrieved 
from other hypersaline environments using clone libraries 
(Sørensen et al. 2005; Caton and Schneegurt 2012). The best 
known representative Salinibacter ruber, which is typically 
found in solar salterns and salt lakes, dominated Tuz Lake 
and the Santa Pola saltern (Spain) (Antón et al. 2002; Mutlu 
et al. 2008; Zhaxybayeva et al. 2013), was also isolated from 
the crystallization ponds of Bingöl and Tuzlagözü salterns. 
The most highly represented bacterial OTUs were also related 
to genera Salinibacter (23.2  %). OTUs belonging the phy-
lum Bacteroidetes, accounting for ~10 % of the total, did not 
match with known genera. Some of the isolates clustered in 
phylum Bacteroidetes were obtained from the crystallization 
ponds and spring waters (excluding Kemah saltern), and 16S 
rRNA gene sequences of these isolates had <90 % sequence 
similarity to Aliifodinibius roseus and Aliifodinibius sediminis 
isolated from a salt mine in China (Wang et al. 2013). Some 
other isolates obtained in this study, within the Proteobac-
teria, could be also novel; and distantly related with genera 
Parvularcula and Marinobacter. Flavobacteriaceae-related 
sequences, assigned a new genus, comprised 3 % of the bac-
terial phylotypes, and related phylotypes obtained from the 
upper layer of the crust samples from a saltern in Eilat, Israel 
(Sørensen et al. 2005). The pyrosequencing reads related with 
Cyanobacteria were similar to those recovered from Guer-
rero Negro (Mexico) and Great Salt Plains (Harris et al. 2013; 
Caton and Schneegurt 2012). Almost all of the cyanobacterial 
sequences were within the order Chroococcales and showed 
similarity to sequences from the unicellular cyanobacterium 
Euhalothece, previously isolated from a hypersaline pool in 
Guerrero Negro and an evaporation pond in Eilat, Israel (Gar-
cia-Pichel et al. 1998).

Kemah showed a very distinct microbial community pro-
file among the four solar salterns investigated here, charac-
terized by a dominance of bacterial cells, specifically mem-
bers of the Proteobacteria that were revealed by FISH and 
pyrosequencing. Bacterial sequences recovered from Kemah 
were related to the genera Pseudomonas, Serratia, Steno-
trophomonas, Sphingobium, Arthrobacter, and Acinetobac-
ter (Fig. 8). Although some representatives of these genera 
have been previously recovered from saline environments 
(Jiang et al. 2007), they are not common inhabitants of solar 
salterns and are not typically considered to be halophilic. 
Salinibacter-related sequences constituted 6.4 % of the bac-
terial community in the crystallization pond of Kemah and 
no Haloquadratum-related sequences were detected. The 
possible cause of these differences in the microbial commu-
nity composition of Kemah might be associated with anthro-
pogenic impacts, but requires further investigation.

In this study, measures of alpha diversity varied between 
2.63 and 4.83 (H′) for archaeal communities and 2.91 and 
4.52 (H′) for bacterial communities. Calculation of these 

diversity indices was based on pyrosequencing data and 
yielded higher diversity values than those calculated using 
cloning data in previous studies (also based on a 3 % OTU 
distance level). For example, diversity indices based on 
clone libraries and DGGE bands in previous studies (Benl-
loch et al. 2002; Pašić et al. 2005; Baati et al. 2008; Caton 
et al. 2009; Oh et al. 2010; Boujelben et al. 2012) ranged 
between 1.64 and 2.10 (H′) for archaeal communities of 
crystallizers (34 % salinity) in Australia (Oh et  al. 2010). 
Indices for archaeal communities from Secŏvlje solar salt-
erns (Slovenia) were estimated to be 2.24 (H′) (Pašić et al. 
2005). Alpha diversity indices for bacterial and archaeal 
communities in ponds of different salinities (18, 37, 38 % 
salinity) in the Baja solar saltern were 2.0, 1.1, and 2.5 (H′) 
and 0.6, 1.8, and 1.6 (H′) (respectively) (Dillon et al. 2013).

We were unable to detect members of the Nanohaloar-
chaea in our study and Narasingarao et al. (2012) has previ-
ously indicated that widely used (standard) 16S rRNA-tar-
geted primer sets may not be suitable to reveal the presence 
of them. More recently, however, Gomariz et  al. (2015) 
were able to obtain nanohaloarchaeal phylotypes using 
denaturing gradient gel electrophoresis of PCR-amplified 
fragments of 16S rRNA genes, indicating that PCR primer 
design can be optimized for this archaeal group.

In conclusion, the distribution of archaeal and bacte-
rial groups in the four solar salterns were diverse, with the 
communities mainly composed of members of the Euryar-
chaeota, Bacteroidetes, Proteobacteria, and Cyanobacteria 
phyla. Representatives of the genera Haloquadratum and 
Salinibacter were the main inhabitants in the ponds sug-
gesting that common inhabitants of the crystallizer ponds 
have been well described in previous studies. In addition, 
although the uncharacterized archaeal and bacterial taxa 
comprised relatively a small percentage of the overall pop-
ulation in our study, the number of novel genera detected 
displayed great diversity, suggesting that a more detailed 
examination needs to be performed to characterize them.
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