Extremely halophilic microbial communities in anaerobic sediments from a solar saltern
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Summary

The diversity of the prokaryotic communities inhabiting hypersaline sediments from the Mediterranean solar saltern S’Avall (35% pore-water salinity) was studied integrating i) clone library analyses of 16S rRNA and dissimilatory sulfate reductase (dsrAB) genes, ii) the relative quantification of specific groups by fluorescence in situ hybridization (FISH), and iii) the cultivation of some aerobic and anaerobic metabolisms. Bacterial clones were more abundant and diverse than their archaeal counterparts and mainly belonged to the phyla Proteobacteria (Gamma- and Delta- classes) and Firmicutes. An important part of the retrieved bacterial diversity (44% of the 16S rRNA gene clones) belonged to hitherto unknown phyla. Archaeal sequences were phylogenetically more homogeneous since all of them affiliated with the MBSL-1 candidate division, a euryarchaeotal group previously reported only in Mediterranean deep-sea hypersaline anoxic basins. The anaerobic nature of the system was confirmed by a predominance of sulfate reducers in both, bacterial clone libraries and FISH counts. This last approach confirmed as well the dominance, but coexistence, of Bacteria over Archaea. The cultivation approach revealed the existence of an anaerobic microbiota able to grow autotrophically and heterotrophically using sulfate and nitrate as electron acceptors. These results, together with the measured in situ sulfate reduction rates, pointed out to sulfate reduction as one of the putative major mineralization processes in these salt-saturated sediments.
Introduction 
Multi-pond solar salterns designed to harvest salt from seawater provide a range of environments with increasing salinities, from that of seawater (about 3.5% w/v in the Mediterranean) up to salt saturation (about 35% w/v). Most of the studies on these systems have paid special attention to the physiological and phylogenetic diversity of the aerobic halotolerant and halophilic microbiota 


(Rodríguez-Valera et al., 1985; Rodríguez-Valera, 1986; Benlloch et al., 2002; Oren, 2002) ADDIN EN.CITE , as well as their biological adaptations developed for the life at extremely high salinities (Oren, 2008). Particularly, in the brines of the crystallizer ponds where halite reaches saturation, the prokaryotic communities have been extensively studied, being today one of the best known extreme ecological systems with data reported about physiological, taxonomic, and phylogenetic diversity (Oren, 2008). Moreover, metabolomic, metagenomic, and genomic composition of the microbial inhabitants has been recently explored 


(Bolhuis et al., 2004; Mongodin et al., 2005; Legault et al., 2006; Santos et al., 2007; Rosselló-Móra et al., 2008) ADDIN EN.CITE . 
On the other side, the underlying sediments of these ponds have been studied only very sparsely despite their ecological interest. The intriguing biogeochemistry of the salt-saturated sediments and the importance of microbial mats as model systems of the early Earth 


(Dundas, 1998; Hoehler et al., 2001) ADDIN EN.CITE  have induced a number of works focused on the benthic microbial assemblages of a variety of other saline and hypersaline habitats, such as inland lakes, lagoons, and deep-sea basins 


(van der Wielen et al., 2005; Jiang et al., 2006; Ley et al., 2006; Sahl et al., 2008) ADDIN EN.CITE . The first molecular diversity survey on anoxic sediments of crystallizers ponds reported a surprisingly high level of prokaryotic diversity and community structures strongly influenced by salinity (Mouné et al., 2003). A subsequent study of a hypersaline (20% salt concentration), endoevaporitic microbial community, conducted by microscopy and PCR 16S rRNA gene amplification, lead to an extensive knowledge of the microbial composition of the superficial layers of the gypsum crust 


(Sorensen et al., 2005) ADDIN EN.CITE . However, data from the deepest layers and highest salinities were not reported. Recently, a phylogenetic comparison based on rRNA gene sequence analysis of the communities inhabiting hypersaline evaporites demonstrated that specific microbial lineages are shared by geographically distant hypersaline ecosystems 


(Sahl et al., 2008) ADDIN EN.CITE . 

The understanding of the microbial composition of the sediments underlying the crystallizers may be of great importance to reveal the interactions of the two neighbouring ecosystems (brines and sediments). In this work we tempted to evaluate the composition, abundance, and culturability of the microbiota thriving in hypersaline sediments of a Mediterranean multi-pond solar saltern, located at the southeast of Majorca Island (Spain). Special attention has been paid to the sulfate-reducing bacterial community, since dissimilatory sulfate reduction has been revealed as the dominant process of anaerobic carbon mineralization in many other benthic, hypersaline ecosystems 


(Canfield and Des Marais, 1991; Scholten et al., 2005; Kjeldsen et al., 2007; Fourçans et al., 2008) ADDIN EN.CITE . An essential step in the sulfate respiration pathway is catalyzed by a key enzyme (EC 1.8.99.3) present in all known sulfate reducing bacteria (SRBs) (Wagner et al., 2005). Comparative amino acid sequence analysis of the coding sequences (dsrAB genes) has been extensively used to investigate the evolutionary history of anaerobic sulfate respiration 


(Wagner et al., 1998; Mussmann et al., 2005) ADDIN EN.CITE  and the environmental diversity of uncultured SRB populations 


(Minz et al., 1999b; Dhillon et al., 2003; Scholten et al., 2005; Foti et al., 2007) ADDIN EN.CITE . In this work, we also investigated dsrAB diversity in the sediments by using full-length sequences of PCR-amplified gene fragments from environmental DNA, whereas the abundance and activity of sulfate reducers were tested by FISH and the most probable number (MPN) techniques, respectively. 
Altogether, our results portray a highly diverse and dense benthic prokaryotic community in these hypersaline sediments, with pore-water salinities up to 35%. An important part of the retrieved diversity belongs to hitherto unknown phyla that, as shown in this study by a combination of cultivation and molecular techniques, are abundant and ecologically relevant in the ecosystem. 
Results and discussion 

We have undertaken a diversity study in the two representative horizons of the vertical profile in the crystallizer sediments. In one hand we amplified and cloned the 16S rRNA genes of the photosynthetic mat thriving in the intermediate salt layer flanking brines and anaerobic sediments (layer RV; Fig S1). On the other hand, the deeper part of the sediments (from 2 to 8 cm, layer N; Fig S1), has been studied by constructing 16S rRNA gene libraries but also by analyzing the abundance of specific prokaryotic groups by FISH and the enumeration of cultivable anaerobic and aerobic microorganisms by MPN technique and counts of colony forming units (CFU), respectively. The chemical composition of the sediment layer and the sulfate reduction rates in the vertical profile of station L were determined as well.
Sediment characterization and retrieval of prokaryotic biomass. 
We specially focused on the characterization of the sediment as the salt crust of the crystallizer was mainly formed by halite crystals. The physical and chemical parameters measured in the two sampling stations are summarized in Table 1. Muddy sediments generally account for higher content of organic matter and microbial counts compared to sandy sediments 


(Llobet-Brossa et al., 1998; Luna et al., 2002) ADDIN EN.CITE . In our case, the muddy nature of the samples could be a key factor for the development of a dense microbial community (see below).
As expected by the black colour of the samples, high values of organic matter and sulfate were obtained (Table 1). Sulfate concentration (about 155 mM) was one order of magnitude higher than the averaged values reported for Mediterranean marine sediments (tipically 20-30 mM) (Böttcher et al., 1998), and similar to the measurements previously found in NaCl-saturated brines (about 200 mM, (Javor, 1989)). The high sulfate values obtained here and the concentration of nutrients of biological importance (NO3- and PO43-) are in the same range than those reported for other hypersaline sediments (Brandt et al., 2001) and extremely hypersaline brines 


(Javor, 1989; van der Wielen et al., 2005) ADDIN EN.CITE . In all cases we could not detect the presence of nitrite, which concentration was always below the detection limit of the method (0.04 μM). 
Due to the sample manipulation difficulties encountered during sample manipulation, we decided to recover the cells from the solid phase. After the treatment used to separate cells from sediment particles (see Experimental Procedures), the DAPI counts averaged 1.24 ± 3.9 x108 (Station E) and 9.6 ± 1.8 x107 cels/ml (Station L), representing about 80% of the counts obtained from the bulk prokaryotic biomass in the untreated samples (see below). Thus, the segregation of cells from sediment is not significantly reducing the recovery of biomass although it decreases background and contaminants.
DAPI and FISH counts

The averaged cell densities obtained by DAPI in homogenised sediments of layer N in stations E and L were 6.2 ± 4.1 x108 and 4.5 ± 1.66 x108 cells/ml respectively, whereas the salt crust mat of the Station E accounted for 4.25 x 108 cells/ml. These values were comparable and even higher to those measured in the deepest layer of a hypersaline, endoevaporitic microbial mat with a salinity of 20% 


(Sorensen et al., 2005) ADDIN EN.CITE . However, deep-sea Mediterranean basins, that have been described as systems contributing to organic geological deposits and have some similarities in the archaeal composition of our sediments (see below), support up to four orders of magnitude less biomass than the sediments studied here 


(van der Wielen et al., 2005; Daffonchio et al., 2006) ADDIN EN.CITE . 

Owing to the complexity of the samples and despite the treatment steps performed to avoid aggregation and background, staining interfered with absolute quantification of cells by FISH. Assuming that the limitations of the technique applied equally to bacterial and archaeal cells, their relative abundance can be calculated and expressed as a ratio 


(van der Wielen et al., 2005) ADDIN EN.CITE . In both stations the Bacteria/Archaea ratio (B/A ratio) was 1.46, value comparable to those obtained in two deep-Mediterranean brines (L‘Atalante and Bannock basins) 


(van der Wielen et al., 2005) ADDIN EN.CITE . Among the bacterial groups tested by FISH (Gammaproteobacteria, specific groups of SRBs, and Bacteroidetes) the highest values were obtained for SRBs, with calculated ratios of 4.58 (SRB/Bacteroidetes) and 2.27 (SRB/Gammaproteobacteria), followed by Gammaproteobacteria (being the ratio Gammaproteobacteria/Bacteroidetes 2,01). These ratios demonstrate i) the bacterial predominance over archaeal types, and ii) the importance of the putative sulfate reducing bacteria in the ecosystem, as reported previously for other hypersaline environments 


(Minz et al., 1999a; Minz et al., 1999b; Mouné et al., 2003; Sorensen et al., 2005; Daffonchio et al., 2006) ADDIN EN.CITE . We did not obtain FISH-based data on Firmicutes abundance but given the dominance of clones related to this group in our 16S rRNA gene library and in that obtained from hypersaline samples of another solar saltern (Mouné et al., 2003) it is reasonable to speculate that this group accounts for an important fraction of the bacterial population.
Bacterial clone libraries
Clone libraries constructed after the amplification of the 16S rRNA genes of the bacterial fraction showed that members of this domain were highly diverse in both samples with predominance of the phyla Proteobacteria (Gamma-, and Delta- classes) and Firmicutes. The 139 bacterial sequences obtained were grouped in 57 sequence types or OTUs (similarity percentage equal to or higher than 97%) (Zaballos et al., 2006). In layer RV, the 49 clones retrieved were distributed in 25 different OTUs whereas in layer N the 90 clones analysed belonged to 36 OTUs. In this deeper layer, there were not significant differences in the bacterial composition among the two sampled stations. Rarefaction curves (Figure S1) and diversity indexes (Table 2) were calculated separately for each layer. The low level of sequence redundancy pointed out to a considerable degree of bacterial diversity in both layers, being higher in the superficial one. Dominance-D values are close to 0, indicating that no OTUs predominate in the community (Table 2). As in most of the molecular surveys in natural ecosystems, the number of bacterial sequences obtained does not represent a fully coverage of the entire diversity (Figure S1).

The phylogenetic composition of the two analysed layers is shown in Figure 1. The retrieved OTUs and their predicted physiology (based on the phylogenetic analyses performed, see Experimental Procedures) are listed in Table 3. Phylogenetic reconstructions are shown in Supplementary Material (Figures S3 and S4). 

The most abundant clones in both libraries affiliated with the Deltaproteobacteria class, forming two coherent phylogenetic groups not closely related to any environmental clone or cultivated species (Figure S2). These new phylogenetic groups (containing nine different OTUs) probably represent different genera of an as yet unknown hyperhalophylic group of SRBs. As suggested previously (Rosselló-Móra and López-López, 2008), we grouped these sequences into OPUs (Operational Phylogenetic Units) to identify sequence clades that produced biologically meaningful units. In general, a cut-off value of 97% gene similarity is used to quantify OTUs. However, in our case we preferred not to be limited by a numerical threshold, but to observe single unique phylogenetic clades in the tree based on the latest updated 16S rRNA database. We named as OPU each unique clade with independence of a rigid gene identity threshold, and/or if they can be assumed to be variable species populations. It is important to note that OPUs HSB1 and HSB2 (Figure S2) contain the highest number of SRBs-related sequences in the two analysed layers, pointing out to an important ecological role of their members in the sulfur cycle of the sediments. The existence of hitherto unknown hyperhalophilic groups within SRBs was subsequently corroborated by the analysis of the dsrAB genes directly amplified from the sediment (see below). 
Alphaproteobacteria-related sequences, more abundant in the upper layer, clustered with the orders Rhodospirillales, Rhodobacterales, and Rhizobiales, that contain phototrophic anoxygenic aerobic and anaerobic bacteria. Rhodovibrio relatives were predominant in layer RV whereas Phyllobacterium and Roseobacter were better represented in N layer. 
As expected, Cyanobacteria sequences were abundant in the superficial layer (accounting 14% of the RV layer clones) and mostly related to Chroococcales representatives, previously found in hypersaline environments 


(Mouné et al., 2003; Sorensen et al., 2005) ADDIN EN.CITE . These organisms, together with anoxygenic phototrophs, likely play an important ecological role as primary producers in this hypersaline ecosystems.

Gammaproteobacteria accounted for up to 18% in the layer N library. All the clones were strongly affiliated to Pseudomonas nitroreducens (Figure S2), a typical soil bacterium able to degrade a wide range of compounds with important biotechnological applications (Lang et al., 2007) that has not been previously reported in hypersaline sediments. The capability of this bacterium to grow by reducing nitrate and its putative high abundance in the sediment suggest that bacteria related to it might play an important role in the nitrogen cycle of the ecosystem. However, in layer RV only two gammaproteobacterial sequences were retrieved, that affiliated with genus Halorhodospira (Chromatiales). This genus is considered as one of the most halophilic bacteria known 


(Hirschler-Rea et al., 2003) ADDIN EN.CITE .
Most of the Bacteroidetes clones came from layer N and formed a cluster with high (micro) diversity within Cytophagales. Verrucomicrobia were present in both layers, with sequences that could not be affiliated with any known genus (OPU HSB3, Figure S3) due to the low similarity percentage obtained with their closest relatives in the database (up to 83%). 
Sequences related to Firmicutes were abundant in layer N and mainly related to the genera Halanaerobium and Bacillus. Halanaerobiales have been commonly found in other hypersaline environments 


(Ollivier et al., 1994; Rainey et al., 1995; Mouné et al., 1999) ADDIN EN.CITE  and comprise obligate anaerobic members that gain energy by fermentation of organic compounds. In the present study they were mostly retrieved from layer N, which is consistent with a fermentative mode of life. However, an important part of the Firmicutes-related retrieved clones formed a well differentiated cluster outside Halanaerobiales and Clostridiales, and could be representatives of a new group of extremely halophilic grampositives (OPU HSB4, Figure S3).  Clones related to Bacillales were the most abundant and were closely related (97-98% similarity) to Bacillus species previously described as moderate halophyles (Bacillus isabelae). 

Archaeal clone libraries
A total of 34 archaeal clones distributed in 12 OTUs were retrieved from the deeper layers of both stations (PCR amplification with archaeal-specific primers was negative in layer RV). The clones retrieved from both sampling stations were phylogenetically homogeneous with the dominance of sequences not related to the typical haloarchaea found in the crystallizers’ water column 


(Benlloch et al., 2001) ADDIN EN.CITE . The calculated rarefaction curve indicates higher level of redundancy than for Bacteria domain (Figure S1), being asymptotic with lower number of sequences. In accordance, the Shannon-Weiner value was lower than that calculated for Bacteria. Contrarily, the Dominance-D index was higher (with a value of 0.12), indicating the predominance of some OTUs in the sequence dataset (Table 2). 



As shown in Figure 2, all our archaeal clones affiliated to the candidate division MSBL1 that branch deeply within the Euryarchaeota. This new division was proposed to comprise the majority of the archaeal clones retrieved from Mediterranean deep-sea hypersaline anoxic basins with almost saturated salt concentrations 


(van der Wielen et al., 2005) ADDIN EN.CITE . The division is equivalent in genetic depth and breadth to Halobacteriales and represents a new order of yet-to-be-cultivated taxa 


(van der Wielen et al., 2005) ADDIN EN.CITE . The maximum similarity value of our clones with previous MSBL1 reported sequences was 94%, thus significantly increasing the microdiversity of this uncultured group. In fact, from the phylogenetic reconstructions we inferred the existence of three new OPUs (HSA1, HSA2, and HSA3) that likely represent different species or genera within the candidate division MSBL1 (Figure 2). On the basis of phylogenetic relatedness of MSBL1 to methanogens and the lack of detected groups that might be responsible of the methane production in some Mediterranean deep-sea brines, Van der Wielen et al. (2005) speculated that MSBL1 members might be involved in methanogenesis at high salinity. It is thus noteworthy that, for the first time, we report the abundance of clones related to this group in sediments from Mediterranean solar salterns. Considering that sea-brines are 3000 m below sea level, the presence of this group in solar salterns reduces considerably the sampling efforts needed for its culture and the study of their physiology and metabolism.
Surprisingly, the archaeal clones retrieved from other Mediterranean hypersaline microbial mats and sediments were different to ours. For example, Mouné et al. (2003) reported sequences closely related to the order Halobacteriales, the dominant haloarchaea in the water column of the crystallizers 


(Benlloch et al., 1995; Benlloch et al., 2001; Benlloch et al., 2002) ADDIN EN.CITE . Sorensen et al. (2005) also retrieved haloarchaea, a few methanosarcinales-related sequences, some clones affiliated to the marine benthic group D (MBGD), and only one clone related to MSBL1. A recent survey based on culture-independent rRNA gene sequence analysis in hypersaline evaporites at different locations also reported archaeal clones highly related to those found in the brines 


(Sahl et al., 2008) ADDIN EN.CITE . 

Diversity of dsrAB gene sequences 

To better asses the diversity of sulfate-reducing prokaryotes in the samples, phylogenetic analyses of dsrAB sequences were performed. The results clearly showed very low sequence diversity, with the majority of the clones loosely affiliating with the genus Desulfohalobium (Figure 3). Contrarily to that obtained in other dsrAB gene surveys 


(Dhillon et al., 2003; Kjeldsen et al., 2007; Leloup et al., 2007) ADDIN EN.CITE  the diversity of sequences retrieved in this work was extremely low. The sequences formed two clusters within Desulfohalobiaceae and were distantly related to Desulfohalobium uthaense and Desulfovermiculus halophilus dsrAB genes respectively, with calculated similarities below 90%. D. uthaense was originally isolated from Great Salt Lake anoxic sediments, and has been described as a moderately halophilic, sulfate-reducing bacterium with a maximum NaCl concentration for growth of 24% (Jakobsen et al., 2006). In our samples, the total salt concentration was around 35%, and probably our sequences represent a different species of as yet unknown extremely halophilic SRBs, confirming the results obtained by the 16S rRNA gene analyses. The salinity of the sediments studied here exceeds the upper in vitro salinity reported for the growth of all known halophilic SRB species (Kjeldsen et al., 2007) and therefore this new group could contain the most extremely halophilic sulfate-reducing prokaryotes hitherto known. 
Applying the 90% threshold previously inferred for grouping dsrAB nucleotide sequences into conceptually consistent OTUs with the 97% threshold for grouping SRBs 16S rDNA sequences (Kjeldsen et al., 2007), the eleven full-length analysed sequences were distributed in five different OTUs. Additional twelve partial dsrAB sequences (700 bp) clustered with similarity percentages equal to or higher than 90% with the full-sequenced clones (data not shown). The rarefaction analyses performed with all the retrieved dsrAB sequences showed that the saturation point was reached with the number of analysed clones (Figure S1) and therefore we were nearly covering the full diversity of these genes in the sampled sediments. The almost identical inferred phylogenies with 16S rRNA and dsrAB genes strongly suggest a novel SRB population that could be dominant in our sediments.
Sulfate reduction rates
As shown in Figure 4, in situ sulfate reduction rates peaked at depths between 0 and 2 cm, with a maximum value of 154.8 mmol/cm-3day-1, decreasing to 0.58 mmol/cm-3 day-1 at 6-8 cm deep. The values obtained here are lower than those reported for less salt-stressed sediments but in the same range than that obtained in homogenised (0-5 cm) hypersaline (27% salinity) sediments (Brandt et al., 2001 ). Integration of the sulfate reduction rates in the upper 8 cm of the sediment yielded a depth-integrated rate (mean value ± standard deviation) of 4.43 ± 1.44 mmol m-2 d-1, similar to the depth-integrated measurement reported for a laminated endoevaporitic community at depths between 1 and 2 cm in the solar salterns of Eilat 


(Sorensen et al., 2004) ADDIN EN.CITE , with a salinity of 21.5%.
Enumeration of the culturable fraction of sulfate, nitrate, and oxygen reducers
We have also undertaken a culturability survey by applying the MPN technique to reveal the abundance of some relevant anaerobic metabolisms in the sediments. Table 4 summarizes the results of the enumerations carried out with the deepest layers of the two sampling stations. As expected, the highest values were obtained in media containing sulfate as electron acceptor, reinforcing the expected dominance of sulfate reduction processes in our extremely saline sediments. As it can be seen from our results, we did not succeed in growing the adequate dilution series of most of the electron donors, as we expected a lower occurrence of these metabolisms. Positive growth was obtained in all the dilutions with almost each tested electron donors, indicating that SRP (sulfate-reducing prokaryotes) constitute the majority of all tested cultivable organisms in the samples, with values generally above 104 cells per ml. The obtained SRP numbers are in the same range that those reported in sediments of the Great Salt Lake (Brandt et al., 2001). The numbers for nitrate-reducers were lower indicating that although sulfate reduction seems to be the predominant process, there are also autochthonous populations involved in the organic matter remineralization by the respiration of compounds different than sulfate. 
Although the sediments were expected to be completely anaerobic (evidenced by their black colour and the outflanking upper layer of anaerobic photosynthetic organisms), we examined the presence of extremely halophilic heterothrophic aerobes by using the same media as commonly used for brine cultivation (Antón et al., 2002). In this case we counted the CFU numbers onto 25%SW solid media amended with different concentrations of yeast extract (0.2 and 0.05%). As expected, the number of aerobic heterotrophic prokaryotes was scarce in comparison to the overlaying brines. The highest yields were obtained in plates amended with 0.05% yeast extract, with CFU counts around 4.6 ± 1 x 103 cells/cc sediment (1,5 % of the counts obtained using the crystallizers’ brines), whereas the same media emended with 0.2% yeast extract yielded 1.43 ± 0.28 x 103 cells/cc sediment (a 1.05 % of the brine’s counts). We selected 67 colonies growing in plates amended with 0.05% yeast extract for further screening Salinibacter presence by optical microscopy. Thirty-six per cent of them were positive whereas the ratios obtained in brines using the same medium are much higher (around 80% of the total number of colonies; Peña et al., personal communication). One can speculate that the colonies may be facultatively anaerobic. However, to our knowledge S. ruber is strictly aerobic (Antón et al., 2002), and most probably may be metabolically inactive or dormant in the sediment. Therefore, this environment seems to be a suitable reservoir for cellular types that may thrive in the overlaying aerobic ecosystems. 

Concluding remarks
The results obtained in this study portray a highly diverse and dense benthic prokaryotic community thriving in salt-saturated sediments. Contrarily to that observed in overlaying brine systems 


(Antón et al., 1999; Antón et al., 2000; Benlloch et al., 2001; Benlloch et al., 2002) ADDIN EN.CITE , and to the traditional believe that extreme environments (particularly hypersaline) are dominated by Archaea, bacterial types dominate. The most relevant organisms may be sulfate reducers, as revealed by both culture independent and dependent approaches. In addition, most of the phylotypes observed belong to hitherto uncultured groups, and it is remarkable here that the archaeal phylotypes are most closely related to the uncultured clade observed in the Mediterranean deep-sea brines (Daffoncio et al., 2006). It is important to highlight that deep-sea brines, together with our experimental sites, represent the most hypersaline anoxic environments sampled worldwide and that they constitute a source of new prokaryotic types with metabolisms adapted to extreme conditions. The relevance of our findings encourages digging into the genetic and metabolic diversity of their inhabitants. Due to this reason we are conducting additional culturing and metagenomic approaches in order to obtain a better understanding of this singular ecosystem.
Experimental procedures 

Sample site and samples collection

Sediment samples were taken from the Mediterranean S’Avall solar salterns located in the southeast coast of Majorca Island at 39º 32’N; 002º 99’E.  Two sampling sites 10 meters apart were sampled (Figure S4): i) Station E, located in a crystallizer pond from which the salt is annually harvested, and ii) Station L, placed in a hypersaline lagoon formed by the water overflow of the crystallizer, with no anthropogenic disturbances due to the mechanical extraction of salt. Samples were always taken in the spring-summer period, prior to the salt harvesting. The water column above the sediment is very shallow in the lagoon during spring (0-5 cm) with natural periods of desiccation in summer, whereas in the crystallizer averages 50 cm along the year. Between 5 cm to 10 cm of the soft sediment were sampled in each station. Especially clear was the development of a microbial mat in the salt crust overlaying the black sediment of the Station E (Figure S5). This mat was not easily observed in Station L. Thus, for Station E the microbial mat in the salt crust was taken as a superficial sample, and the below lying sediment as the second subset. Alternatively, for Station L the first 1.5 cm were discarded and the black sediment was further studied. Samples were extracted in metacrilate cores. Once homogenised, subsamples were taken with a sterile plastic syringe. 
Physical and chemical properties of the sediment

Sediment density and water content was calculated by weighing a known volume of sample and drying it at 60ºC during 72 hours. Porosity was calculated from sediment density and water content. Organic matter content was obtained by ignition of the dry sediment at 450ºC during 5 hours as previously described (Erftemeijer and Koch, 2001). Three replicates were used for each measured variable. The pore water of the samples was retrieved under a nitrogen flux with a pressure of 4 bar, and filtered with a fibre-glass filter (Whatmann GFA). The filtered water samples were recovered in 15 ml falcon tubes. Salinity was measured with a hand refractometer (Atago). Nitrates, nitrites, and phosphates were determined in an autoanalyzer (Integral Futura, Alliance Instruments) following manufacturer’s recommendations. Pore water sulfate concentration was measured by non suppressed anion exchange chromatography (Waters IC-Pak anion exchange column, waters 430 conductivity detector) as previously published (Ferdelman et al., 1998).
Sulfate reduction rates measurements
Sulfate reduction rates (SRR) were measured by the core injection technique (Jørgensen, 1978) of three 8-cm-cores that were retrieved from the station L using 20-cm long and 2.6-cm diameter core tubes with silicone-filled injection ports. Ten microliters of carrier-free 35SO2-4 tracer (50 Kbq) were injected at 1-cm intervals and the cores were incubated at 40ºC during 24 h. Subsequently, each core was sliced each 2 cm intervals and the reaction was stopped by adding 20% zinc acetate. Samples were stored at room temperature until the single step cold Cr-II distillation for radiotracer determination (Kallmeyer et al., 2004).
Retrieval of microbial biomass

Once taken, samples were immediately transported to the laboratory for processing. Homogenised subsamples (5 cc) were introduced in 15 ml falcon tubes and mixed with 5 ml of PBS 4X by vigorous shaking. Cells were detach from sediments was done by immersing the tubes in an ultrasounds bath (Selecta) for 15 min, mixing each tube every 3-4 min. The suspensions were centrifuged 1 min at 2500 rpm and 14ºC. The washing/ultrasounds step was repeated four times (or until a clean supernatant was obtained). Supernatants were recovered and kept in ice into 50 ml falcon tubes. A centrifugation step of 2 min at 2500 rpm was performed to remove rests of sediment particles. The supernatant was transferred to a new 50 ml falcon tube and centrifuged 10 min at 10000 rpm and 14ºC. The pellet was stored at -20ºC (for subsequent extractions) or immediately fixed (for DAPI and FISH counts) as explained below.  

Quantification of microorganisms by DAPI staining 
Homogenised fresh sediment samples (5 ml) were fixed during 16h in PBS 4X/formaldehyde 4% (4:1) at 4ºC, being the chemical composition of PBS 1X 137 mM NaCl, 2.7 mM KCl, 10 mM NaHPO, and 2mM KH2PO; pH 7.4. Samples were sequentially diluted with PBS 4X and filtered throughout 0.22 µm pore size and 16 mm diameter filters (Isopore GTTP, Millipore). In every sample, best results were obtained with dilutions 1:1000. Staining with DAPI (4´, 6-diamidino-2-phenylindole; 1 µg ml-1) and counting were performed as reported in Llobet-Brossa, 1998. For each sample, 37 fields (around 800 cells) were counted. Three replicates were used for each sample; standard deviations values were calculated and specified in every reported result.

Fluorescence in Situ Hybridization (FISH) analysis 
To avoid the background fluorescence of the sediment particles, FISH experiments were carried out with the biomass retrieved as explained above. Pellets coming from 5 cc of sediment were resuspended in 5 ml PBS 4X/formaldehyde 4% (4:1) and fixed at 4ºC during 16 h. Aliquots of 2 ml were separated and washed with PBS 4X: ethanol (1:1) by repeated centrifugations (13.000 rpm, 10 min) in order to eliminate formaldehyde. The pellet was resuspended in 500 μl of PBS 4X: ethanol (1:1) and sequentially diluted in PBS 4X. Cells were detached from sediment particles using ultrasounds in a Soniprep 150 (MSE Scientific Instruments) by applying one pulse of 3 sec at 180 µm of amplitude. Again, best results were obtained with 1:1000 dilutions. Hybridization was performed as previously reported (Llobet-Brossa et al., 1998). Details of the Cy3-labelled fluorescent probes (Thermo Electron, Germany) and hybridization/washing buffers composition are provided in Table 5. For visualization, filters were mounted with citifluor solution (Citifluor Ltd.) on microscope slides and stored at -20ºC. For counting, filters sets 38 (AHF Analysentechnik, Germany) was used. For each sample, 37 fields (around 650 DAPI-stained cells) were counted. Four replicates were used for each sample. 

Nucleic acid extractions

The pellets obtained were resuspended in 2 ml extraction buffer, containing per litre: 100mM Tris-HCl pH8, 20mM EDTA pH8, 1.4M NaCl, 2% CTAB (hexadecyltrimethylammonium bromide 99%, SIGMA), and 2% PVP (polyvinylpirrolidone K90, Fluka). The suspensions were introduced into 2ml Eppendorf tubes and 16μl of proteinase K 10mg/ml (Roche) and 20μl of lysozime 300mg/ml (Roche) were added. The tubes were incubated during 1h in an orbital shaker (Thermo Electron Corp.) at 100 rpm and 37ºC. After the incubation period, 10% sodium-dodecyl-sulfate (Panreac) was added to a final concentration of 1%, and incubated at 55ºC during 30 min. Lysates were extracted with phenol-chloroform-isoamylalcohol as previously described (Massana et al., 1997). The obtained nucleic acids were resuspended in 50 μl of sterile, nuclease-free water (Sigma).

PCR amplification, cloning and sequencing of 16S rRNA and dsrAB genes 
For 16S rRNA gene libraries construction in Station E two subsamples were separated: the sample RV, containing the upper 1.5 cm (green and red layers), and sample N (the black and deepest one). In Station L, only sediments from the black layer were used. 

16S rRNA genes were amplified using fordward specific primers for bacteria and archaea (GM3: 5’-AGAGTTTGATCMTGGC-3’ and 21F: 5’-TTCCGGTTGATCCTGCCGGA-3’, respectively) and the universal reverse primer GM4 (5’-TACCTTGTTACGACTT-3’), under the standard conditions previously described (López-Garcia et al., 2001). Genes dsrAB were amplified from layer N of both stations with primers DSR1F (5’-ACSCACTGGAAGCACG-3’) and DSR4R (5’-GTGTAGCAGTTACCGCA) (Scholten et al., 2005). Clone libraries were constructed using the pGEM-T easy vector cloning system (Promega) following the manufacturers' instructions. Screening for transformants, cleaning of the expected-size amplification products, and sequencing were performed as described in Zaballos et al., 2006. For partial sequencing, the 16S rDNA amplification forward primers were used. Complete sequences were obtained with primer 915R (5’-GTGCTCCCCCGCCAATTCCT-3’) by assembling the obtained sequences with those retrieved with the amplification primers. For dsrAB genes complete sequencing, a primer designed in this study (DSR410, 5’-CCKTACAARTTCAAGTTC-3’) plus the amplification primers were used. The sequences are available at NCBI (http://www.ncbi.nlm.nih.gov/) under the accession numbers: FJ536427-FJ536500 (16S rRNA gene bacterial clones), FJ536501-FJ53524 (16S rRNA gene archaeal clones), and FJ588536-FJ588546 (dsrAB genes).

Sequence analyses
Sequences were revised, corrected, and grouped at 97% similarity using Sequencher 4.8 software (Gene Codes Corp.) The phylogenetic inference was done using ARB software package 


(Ludwig et al., 2004) ADDIN EN.CITE  and the corresponding SILVA SSURef 98 database (Pruesse et al., 2007) (http://www.arb-silva.de). Representative clones of each 97% group were imported and aligned against SILVA SSU reference alignment using SINA aligner (Pruesse E., unpublished) followed by a manual checking in order to correct inaccurately placed bases. To improve the resolution at lower taxonomic levels, three phylogenetic reconstructions were carried out separately, one for domain Archaea and two for domain Bacteria (phylum Proteobacteria, and bacteria not belonging to the Proteobacteria). The distinct datasets of full length SSU sequences were submitted to different treeing approaches encompassing neighbor-joining (using the Jukes-Cantor correction), maximum likelihood (using RaxML version 7.0 with the GTRGAMMA model (Stamatakis, 2006)), and ARB_PARSIMONY, as implemented in the ARB program. Each of the algorithms was tested by using the dataset treated with 30%, 40% and 50% conservational filters, allowing 1,405, 1,356 and 1,265 positions of the entire alignment respectively. Partial sequences were added to the pre-existing trees by using ARB_PARSIMONY with local topology optimization.

Sequences obtained for dsrAB genes were revised, corrected, and grouped at 90% with Sequencher 4.8. The 90% threshold was selected on the basis of previous analyses made to infer the sequence identity threshold for grouping dsrAB into OTUs conceptually consistent with the 97% threshold for grouping 16S rDNA sequences (Kjeldsen et al., 2007). Full-length dsrAB sequences of eleven clones were translated into proteins and with further 458 publicly available DsrAB sequences aligned by using ClustalW (Thompson et al., 2002). Based on this alignment, a phylogenetic analysis was performed using bootstrap (100 replicates) maximum likelihood phylogeny inference with RAxML using the hill-climbing algorithm and the WAG substitution model, the PROTGAMMA (+Γ) implementation with 4 discrete rate categories and starting from a random tree (Stamatakis, 2006). The final tree topology was evaluated, reviewed and grouped by using the ARB software. 
Diversity indexes and rarefaction analyses

The PAST software v1.82b (Hammer et al., 2001) was used to compute the statistical indexes in the sequence dataset. Dominance-D and Shannon diversity indexes were used to compare the prokaryotic populations from the different layers. The rarefaction curves were calculated using the algorithm described by Hurlbert (Hurlbert, 1971 ) and plotted as the number of Operational Taxonomic Units (OTUs) versus the number of clones. For each calculation, we assume that one OTU is formed by the sequences that present a similarity percentage equal to or higher than 97% (Zaballos et al., 2006). 
Media for Most Probable Number (MPN) counts of cultivable, anaerobic microorganisms
Media for cultivation of nitrate- and sulfate-reducers were prepared as previously described (Widdel and Bak, 1992) increasing the NaCl concentration of the basal medium to 25%. Electron acceptors were added at final concentrations of 30 mM (as Na2NO3 and NaSO4 salts). Organic substrates acting as electron donors (acetate, formate and an equimolar mixture of lactate/succinate/butyrate) were added at final concentrations of 0.1%. Autotrophic growth was tested in hydrogen-injected tubes at a pressure of 1 bar during 10 seconds in each tube.

Sediment subsamples of 10 ml were taken under an oxygen free gas flow and diluted in 90 ml of the mineral medium (Widdel and Bak, 1992) containing Na2S 0.4M (that served as reducing agent) and 2mg/l resazurine (redox indicator). The MPN tube batteries were inoculated anaerobically in 10-fold dilution steps (from 10-1 to 10-5) and incubated at 30ºC for up to 7 months. Sulfate reducing activity was recognized by introducing an acid-washed iron nail in the tubes to observe the formation of a black FeS precipitate 


(Cifuentes et al., 2003) ADDIN EN.CITE . Nitrate reduction activity was detected as previously published (Strickland and Parsons, 1960). Most probable number results were calculated according to standard procedures (Blodgett, 2003).

Media for counts of cultivable, heterotrophic, aerobic microorganisms 

Heterothorophic, aerobic microorganisms were grown in 25% SW plates (pH 7.2), containing per liter: 195g NaCl, 34.6g MgCl2·6H2O, 49.5g MgSO4·7H2O, 0.72g CaCl2, 5g KCl, 0.17g NaHCO3, 0.65g NaBr, 150g agar, and different concentrations of yeast extract (0.2% and 0.05%). Plates were incubated at room temperature during one to two months. After counting, a total of 67 individual colonies were randomly selected and resuspended in 25% SW liquid medium for further screening for Salinibacter presence by optic microscopy (Antón et al., 2002). 
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TABLE LEGENDS

Table 1. Physical and chemical parameters determined in the two sampling stations.

Table 2. Statistical indexes calculated for the archaeal and bacterial sequences in each sampling station/layer.
Table 3. Phylogenetic affiliation, predicted physiology, and assigned OPUs of the obtained 

bacterial OTUs in the 16S rRNA gene libraries.
Table 4. MPN counts (per cc sediment) obtained in stations E and L after 7 months of incubation at 30ºC.
Table 5. Fluorescently labelled probes and hybridization/washing buffers composition used for FISH.
FIGURE LEGENDS

Figure 1.  Phylogenetic composition of the bacterial 16S rRNA gene libraries. A) RV layer, B) N layer.
Figure 2. Maximum likelihood tree showing the phylogenetic relationships of the archaeal 16S rRNA gene sequences cloned from both sampling stations. Clones from Station E are typed in black; clones from Station L are typed in grey. At least one representative of each sequence type (cut-off value of 97%) is shown, and the number of represented clones is given in brackets. Fully sequenced clones (around 1500bp) are underlined. Grey boxes highlight OPUs. Bootstrap values above 50% are shown. The scale bar indicates the number of substitutions by sequence position. 
Figure 3. DsrAB-based phylogenetic reconstruction. The scale corresponds to 10% estimated sequence divergence.

Figure 4. Sulfate reduction rates measured in triplicate by using [35S]sulfate and 24 h of incubation at 40ºC. The error bars indicate standard deviations.
FIGURE LEGENDS (SUPLEMENTARY MATERIAL)
Figure S1. Rarefaction analyses of the retrieved sequences. Red circles: 16S rRNA gene bacterial clones from layer RV (Station E); black circles: 16S rRNA gene bacterial clones from layer N (stations E and L); green triangles: 16S rRNA gene archaeal clones from layer N (stations E and L); yellow triangles: dsrAB gene clones from layer N (stations E and L).   
Figure S2. Maximum likelihood tree showing the phylogenetic relationships of the proteobacterial 16S rRNA gene sequences cloned from both sampling stations. Clones from RV layer are typed in green; from N layer of station E in blue, and from N layer of station L in orange. At least one representative of each sequence type (cut-off value of 97%) is shown (the number of represented clones is given in brackets). Fully sequenced clones (around 1500bp) are underlined. Yellow boxes highlight OPUs. Bootstrap values above 50% are shown. The scale bar indicates the number of substitutions by sequence position. 

Figure S3. Maximum likelihood tree showing the phylogenetic relationships of the non-proteobacterial 16S rRNA gene sequences cloned from both sampling stations. Colour code as before. At least one representative of each sequence type (cut-off value of 97%) is shown (the number of represented clones is given in brackets). Fully sequenced clones (around 1500bp) are underlined. Yellow boxes highlight OPUs. Bootstrap values above 50% are shown. The scale bar indicates the number of substitutions by sequence position. 

Figure S4.  Sampling stations (E and L) within the S’Avall solar salterns at 39º 19.47’N; 002º 59.31’E (Majorca Island, West Mediterranean). 

Figure S5. Extracted core from station E, showing the well developed microbial mat (layer RV). 
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