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        Abstract



        Qualitative expression of dissimilative sulfite reductase (dsrA), a key gene in sulfate reduction, and sulfide:quinone oxidoreductase (sqr), a key gene in sulfide oxidation was investigated. Neither of the two could be amplified from mRNA retrieved with Niskin bottles but were amplified from mRNA retrieved by the Deep SID. The sqr and sqr-like genes retrieved from the Cariaco Basin were related to the sqr genes from a Bradyrhizobium sp., Methylomicrobium alcaliphilum, Sulfurovum sp. NBC37-1, Sulfurimonas autotrophica, Thiorhodospira sibirica and Chlorobium tepidum. The dsrA gene sequences obtained from the redoxcline of the Cariaco Basin belonged to chemoorganotrophic and chemoautotrophic sulfate and sulfur reducers belonging to the class Deltaproteobacteria (phylum Proteobacteria) and the order Clostridiales (phylum Firmicutes).
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      INTRODUCTION


      The Cariaco Basin, off the coast of Venezuela, is the largest truly marine permanently anoxic basin in the world [1]. Due to a shallow sill that separates the Basin from the Caribbean Sea and a strong salinity maximum at about 100 m the vertical and horizontal mixing of the waters is limited, generating complete anoxic conditions below 250-350 m [2]. The oxic-anoxic interface has been shown to vary in depth from 220 to 350 m and the redoxcline spans tens of meters, allowing for excellent sampling resolution of the redox gradient [3]. A prominent feature observed in Cariaco is dark inorganic carbon (DIC) assimilation, a large proportion of which takes place in zones where no O2 or light is detected. This implies that the terminal electron acceptor used by the bacterial population is not O2 but some other chemical species [3]. Recently, a localized sulfur cycle has been postulated for the redoxcline/anoxic zones of the Cariaco Basin that would explain the high DIC assimilation rates observed: a portion of the carbon fixed by chemoautotrophic microorganisms could be oxidized by sulfate-reducing microorganisms, which in turn could produce reduced sulfide compounds that fuel chemoautotrophic fixation of carbon [4]. Of course, this internal sulfur cycling in the redoxcline cannot be sustained without external sources of reductant and oxidant to provide chemical momentum. A similar phenomenon has been described for OMZs [5-7]. Support for this localized sulfur cycle has been provided by PCR-DGGE and pyrosequencing libraries of the 16S rRNA gene, which showed that the most prominent members of the bacterial community in the redox transition and anoxic zones of the Cariaco Basin putatively belong to sulfide oxidizing bacterial clades [8]. Microbial sulfide oxidation and sulfate reduction, therefore, appear to be important metabolic pathways in the water column of the Cariaco Basin.


      Microbial sulfide oxidation involves a series of steps, the first of which is the oxidation of H2S to S 0, mediated by a membrane-bound electron transport system. Two enzymatic sulfide oxidizing systems have been described to catalyze this step, the flavocytochrome c, a sulfide:cytochrome c oxydoreductase (FCC), and the sulfide:quinone oxidoreductase (SQR) [9]. The sqr gene has been described in the majority of sulfide-oxidizing prokaryotes belonging to Proteobacteria, Chlorobi, Cyanobacteria, Aquificales and Archaea [9, 10]. It appears that sqr is the key enzyme for sulfide oxidation: a mutation in the sqr gene of Rhodobacter capsulatus leads to a loss of the ability to utilize sulfide [11] whereas a mutation of fcc in Chromatium vinosum did not affect its ability to utilize sulfide (C. vinosum also has a copy of sqr [12]). Phylogenetic analyses revealed that sqr gene sequences form six clades, each comprised of representatives from multiple bacterial phyla and, thus, showing incongruence with 16S rRNA gene-based phylogeny (i.e., likely lateral gene transfer [10]).


      The dissimilatory sulfite reductase, encoded by the dsrAB genes [13], is ubiquitous to all known sulfate-reducing prokaryotes. Its highly conserved nucleotide sequence [13] has been successfully targeted to determine the diversity and distribution of SRB in several environments [e.g., 14-19]. DsrA is the primary enzyme in the dissimilatory sulfate reduction pathway of SRB and it catalyzes the six-electron reduction of bisulfite to sulfide in the last step of sulfate respiration [20, 21].


      The diversity of dsrAB has been investigated for the Black Sea [16]. The diversity of either sqr or dsrA has not yet been studied in the Cariaco Basin. Moreover, simple detection of deoxyribonucleic acids (DNA) in an environmental sample does not necessarily mean that detected genes are actually being expressed [18]. On the other hand, preservation of intact mRNA during sample collection remains a difficult feat. Therefore, in order to build a cloning library for both DNA and mRNA of the sqr and dsrAB genes, a novel sampling devise “Deep-SID” was used and, as a result, the diversity and expression of the two sulfur metabolism genes in the Cariaco Basin redox transition zone were ascertained.

    


    
      EXPERIMENTAL PROCEDURES


      
        Sample Collection


        Bacterioplankton samples were collected during the Car153 cruise on January 13th 2009 at station A (10.30°N, 64.40°W), the time series station for the CARIACO program (Carbon Retention In A Colored Ocean; http://www.imars.usf.edu/CAR/) situated in the eastern sub-basin, with a depth of 1400 m. Two different sampling methods were employed for collection of bacterial cells for nucleic acids isolation. In the first method, water samples were obtained with a Deep-SID (Submersible Incubation Device [22]). The devise takes several aliquots of ambient seawater at preprogrammed depths. Following sample collection, an aliquot of ProtectRNATM RNase inhibitor (500x, Sigma-Aldrich, St. Louis MO) was injected into the sample to a final concentration of 1x, according to manufacturer instructions. The mixture was filtered through polyvinylidene fluoride membranes (Durapore®, 0.22 μm pore size, 47 mm diameter; Millipore, Billerica, MA) and the filters were immersed in RNAlater (QIAGEN, Valencia CA), immediately frozen and stored at -20°C until delivered to the lab. In the second method water samples were obtained from 8 and 12-liter Teflon coated Niskin bottles under N2 atmosphere, filtered through polyvinylidene fluoride membranes (Durapore®, 0.22 μm pore size, 47 mm diameter; Millipore, Billerica, MA), immersed in RNAlater stabilization agent, immediately frozen and kept at -20°C until delivered to the lab, where they were stored at -80oC.

      


      
        Total Nucleic Acids Extraction, mRNA Isolation, Poly(A)-tailing and cDNA Synthesis


        For comparison of sampling methods and gene library construction, two samples were used, S2 (collected with method 1) and R6 (collected with method 2). Both samples were collected at 280 m, where the oxygen concentration was approximately 2 μmol kg-1, (CTD data), and the sulfide concentration was between 3.1 and 5.8 μM (http://www.imars.usf.edu/CAR/car_nodc/NODC-CAR153.txt).


        All material and reagents used for nucleic acids extraction were nuclease free and all procedures were performed in a nuclease free environment. Samples consisted of a filter submerged in RNAlater stabilization reagent. The filters were removed from the RNAlater reagent and placed in a mortar to await extraction. The RNAlater reagent solution was pelleted down at 5500 rpm for 10 min in an Eppendorf tabletop centrifuge to separate the cells from the reagent. The pelleted cells were resuspended in 200 μL of β-mercaptoethanol/RLT plus (β-ME/RLT) buffer (10 μL of β-mercaptoethanol in 1 mL of RLT plus buffer, QIAGEN, Valencia, CA). The resuspended cells and 0.2 g of nuclease free sand were added to the mortar with the filters, covered with liquid nitrogen and grounded to a fine powder as recommended by the manufacturer’s instructions for the TruRNA MiniKit (Atom Sciences, Oak Ridge, TN). The slurry was then transferred to a 2 mL screw-capped centrifuge tube and covered with liquid nitrogen. After the nitrogen evaporated, 600 μL of β-ME/RLT buffer was added to the tube and the sample was vortexed at maximum speed for 10 min followed by 5 min incubation at room temperature. The extraction was then finished using an AllPrep DNA/RNA Mini kit, according to manufacturer’s instructions (QIAGEN, Valencia, CA). Integrity of the nucleic acids obtained was checked by gel electrophoresis and their concentration was determined spectrophotometrically with a NanoDrop ND1000 (NanoDrop Technologies, Inc., Wilmington, DE). The lack of DNA contamination in the total RNA extracted was verified by PCR amplification with eubacterial universal primers from Weisburg et al. [23]. The DNA extracted was stored at -20°C, while the total RNA was immediately used for mRNA isolation with an mRNA-ONLYTM Prokaryotic mRNA Isolation kit with Poly(A)-Tailing following manufacturer’s instructions (Epicentre, Madison, WI). The poly(A)-tailed mRNA obtained was immediately reverse transcribed using a ProtoScript® AMV LongAmpTMTaq RT-PCR kit, according to manufacterer’s instructions (New England BioLabs Inc., Ipswich, MA). Synthesized cDNA was stored at -20°C.

      


      
        Functional Gene Amplification and Cloning


        The sqr gene was amplified using two of the primer sets designed by Pham et al. [10] for Bacteria, with modifications to encompass a wider diversity of the sqr genes from Gamma- and Epsilonproteobacteria . To target the Gammaproteobacteria, the primer set SQR-G1-475FM (5’- TGY TWY GGB CCV GCB TAY GA -3’) and SQR-G1-964R (5’- GTS ACC ATS SWT TCR ATC AT -3’) was used. To target the Epsilonproteobacteria, the primer set SQR-G4-140FB (5’- TGG ATY CCM TCA AAY ATW TGG GT -3’) and SQR-G4-840RM (5’- AAT WAG CAT DGC RAA RTC RAA CTC -3’) was used. Each amplification reaction mixture (50 μL final volume) consisted of 25 μL of 2x GoTaq® Green Master Mix (Promega, Madison, WI), 5 μL of nucleic acid (concentration, 5 to 15 ng/μL), and each primer at a final concentration of 500 nM. The amplification cycling protocol had the following profile: initial denaturation at 95°C for 3 min, followed by 40 cycles of 30 seconds at 95°C, 30 seconds at XX°C, and 45 seconds at 72°C, followed by 5 min final extension at 72°C, where XX was 58 °C for the SQR-G1 primer set and 52 °C for the SQR-G4 primer set.


        The dsrA gene from sulfate-reducing microorganisms was amplified using primers designed to target conserved regions of the gene, based on multiple alignments of cultured and environmental SRB sequences retrieved from GenBank. dsrA1FM (5’- ACS CAY TGG AAR CAY GG -3’; modified from Wagner et al. [13] to widen a range of amplified the dsrA genes) and dsr225R1 (5’- TCD CCD GTD GMR CCR TGS AWR TT -3’). Each amplification reaction mixture was as described above for the sqr gene. The amplification conditions were as follows: initial denaturation at 95°C for 3 min, followed by 35 cycles of 30 seconds at 95°C, 30 seconds at 55°C, and 45 seconds at 72°C, followed by 5 min final extension at 72°C. A gel with amplification products is shown in Fig ( S1).


        The amplified fragments were ligated using the pGEM®-T easy vector system I kit and used to transform JM109 High Efficiency competent cells according to manufacturer’s instructions (Promega, Madison, WI). At least 50 white clones were picked and plasmids were extracted with the ZyppyTM Plasmid Miniprep kit as suggested by the manufacturer (Zymo Research, Irvine, CA). An enzymatic digestion with EcoRI (New England BioLabs) followed by gel electrophoresis was performed to check the presence of an insert. Plasmid insets were directly sequenced using a BigDye Terminator v3.1 Cycle sequencing kit (Applied Biosystems, Foster City, CA) with the primer T7 (5’- TAA TAC GAC TCA CTA TAG GG -3’) and a 3130xl Genetic Analyzer (Applied Biosystems, Foster City, CA).

      


      
        Phylogenetic Analysis


        Potential homologs of the generated sequences were identified in the GenBank database using the BLASTn program. To perform phylogenetic analyses of the cloned genes, alignments were built that included sequences of respective genes from several representatives of known cultured bacteria as well as sequences from the closest cultured and non-cultured relatives identified by BLASTn. Sequences were aligned using the ClustalW v2.0 aligner [24] through the EMBL-EBI framework [25] and the MAFFT aligner [26]. Phylogenetic trees were calculated with the neighbor joining and maximum likelihood algorithms using MEGA [27]. Bootstrap analysis (1000 replicates) was used to obtain confidence estimates for the phylogenetic tree topologies.

      


      
        Clones Sequence Accession Numbers


        Cloned sequences obtained from the sqr and dsrA gene libraries have been deposited in GenBank under accession numbers JX020805 through JX020940.

      

    


    
      RESULTS


      
        Nucleic Acids Isolation


        Samples from the redoxcline of the Cariaco Basin were obtained using two different sampling methods: traditional Niskin bottles and the Deep-SID. It takes on average 2 hours for a sample from a Niskin bottle to be collected from the redox-transition zone and processed. The Deep-SID allows for immediate fixation of a sample following its collection. Both sets of samples were treated with the same mRNA/DNA extraction and isolation techniques. The yield of every nucleic acid fraction was higher for sample S2 and, in addition, the DNA isolated from sample S2 was of a higher molecular mass. mRNA comprised approximately 25% of total RNA for both samples.


        [image: ]
Fig. (1)

        Neighbor joining phylogenetic analysis of sqr sequences. Names in bold correspond to sequences generated in this study. Clone names beginning with QC refer to sequences obtained from cDNA. Clone names beginning with QD refer to sequences obtained from DNA Groups according to Pham et al. (2008) are indicated to the right of the sequences. ■, indicates bootstrap values >75%; ●, indicates values between 50 and 75%. The scale bar indicates 0.05 substitutions per site.

        cDNA obtained from sample S2 was amplifiable with dsrA and the two sqr primer sets. On the other hand, cDNA obtained with method 2 could not be amplified with either dsrA or sqr primer sets. Both cDNA preparations (i.e., S2 and R6) were amplifiable with universal bacterial 16S rRNA primers, albeit indicating incomplete removal of 16S rRNA (data not shown). DNA obtained by either method could be amplified with the universal bacterial 16S rRNA and dsrA primers. The SQR-G1 primers but not SQR-G4 successfully amplified the sqr gene from S2 DNA. With the R6 sample the situation was opposite, sqr was amplifiable with the SQR-G4 but not SQR-G1 primer sets.

      


      
        The sqr Gene in the Cariaco Basin


        PCR products amplified with the dsrA and two sqr primers sets from S2 DNA and cDNA and R6 DNA were cloned and sequenced. The sqr sequences expected to be found in the Cariaco Basin belong to groups 1 and 4 as per Pham et al. [10] (Fig. 1 and Table 1). Other sqr groups, groups 2, 3 and 5 of Pham et al. [10], are not present in the Cariaco Basin. The SQR-G1 primer set amplified from both S2 cDNA and DNA almost exclusively sqr sequences related to those of gammaproteobacterial genera Methylomonas methanica and Methylomicrobium alcaliphilum. The only other sqr sequence amplified by this primer set is closely related to the sqr gene of Bradyrhizobium japonicum.


        
          Table 1 sqr sequences identified in the redoxcline of the Cariaco Basin water column.


          
            
              
                	Phylogenetic affiliation

                	Representative clone

                	No. of clones in library

                	Closest relative based on amino acid sequence, Accession No. (amino acid % identity, % similarity to the closest relative)

                	DNA based identity (%)
              


              
                	S2

                cDNA

                	S2

                DNA

                	R6

                DNA
              

            

            
              
                	Proteobacteria

                	

                	

                	

                	

                	

                	
              


              
                	Alphaproteobacteria

                	QD713

                	

                	1

                	

                	Bradyrhizobium japonicum, NP_772414 (86, 89)

                	83
              


              
                	Epsilonproteobacteria

                	QC611, QD745

                	11

                	

                	24

                	Sulfurovum sp. NBC37-1, YP_001357509 (86, 91)

                	85
              


              
                	QD713

                	

                	

                	3

                	Sulfurovum sp. NBC37-1, YP_001357509 (92, 93)

                	83
              


              
                	QD721

                	

                	

                	16

                	Sulfurimonas autotrophica, YP_003892602 (87, 90)

                	80
              


              
                	QD727

                	

                	

                	3

                	Arcobacter nitrofigilis, YP_003654976 (74, 73)

                	72
              


              
                	Gammaproteobacteria

                	QC3, QD183

                	16

                	27

                	

                	Methylomicrobium alcaliphilum 20Z YP_004918767(74, 81)

                	71
              


              
                	

                	QD773

                	

                	

                	1

                	Thiorhodospira sibirica, ZP_08920766 (63, 79)

                	70
              


              
                	Chlorobi

                	QC703

                	1

                	

                	

                	Chlorobium tepidum, NP_661023 (76, 72)

                	68
              

            
          


        


        The SQR-G4 primer set amplified a wider variety of sqr genes from S2 cDNA and R6 DNA, mostly those belonging to sulfur oxidizing epsilonproteobacteria (Sulfurovum, Arcobacter and Sulfurimonas spp.). One of the sqr sequences obtained from R6 DNA with this primer set was closely related to sqr of a gammaproteobacterium, Thiorhodospira sibirica, in family Ectothiorhodospiraceae. Interestingly, one of the sequenced sqr clones found in the S2 cDNA library was closely related to the sqr gene of Chlorobium tepidum and/or Chlorobaculum parvum, green sulfur bacteria.


        
          Table 2 dsrA sequences identified in the redoxcline of the Cariaco Basin water column.


          
            
              
                	Phylogenetic affiliation

                	Representative clone

                	No. of clones in library

                	Closest relative based on amino acid sequence, Accession No. (% identity; % similarity)

                	DNA based identity (%)
              


              
                	S2

                cDNA

                	S2

                DNA

                	R6

                DNA
              

            

            
              
                	Deltaproteobacteria

                	

                	

                	

                	

                	

                	
              


              
                	Syntrophobacterales

                	DC307

                	1

                	

                	

                	Phylotype 27, BAE73226 (84, 91)

                	83
              


              
                	

                	DC313

                	1

                	

                	3

                	Clone 39b_40, CAJ47266 (80, 86)

                	79
              


              
                	

                	DC314

                	1

                	

                	

                	Clone ALRdec-18, BAF56349 (80, 92)

                	78
              


              
                	

                	DC315, DD455, DD489

                	10

                	8

                	8

                	Desulfobacca acetoxidans, AEB9473 (72, 83)

                	70
              


              
                	

                	DC328, DD585

                	2

                	

                	4

                	Clone ALRdec-18, BAF56349 (86, 93)

                	79
              


              
                	

                	DC430, DD466, DD501

                	2

                	5

                	2

                	Desulfobacca acetoxidans, AEB9473 (63, 74)

                	72
              


              
                	

                	DD451, DD591

                	1

                	

                	2

                	Desulfobacca acetoxidans, AEB9473 (69, 81)

                	74
              


              
                	

                	DD575, DD599

                	1

                	

                	1

                	Clone a73, AAK61938 (82, 90)

                	83
              


              
                	

                	DD589

                	

                	

                	2

                	Clone 39b_40, CAJ47266 (77, 85)

                	77
              


              
                	Desulfobacterales

                	DC418, DD457

                	3

                	1

                	

                	Clone ALRdec-24, AB271553 (91, 94)

                	81
              


              
                	Firmicutes

                	DC426, DD583

                	1

                	

                	3

                	Desulfotomaculum sp. For-1, AFI98563 (84, 88)

                	77
              


              
                	

                	DD479

                	

                	1

                	

                	Desulfotomaculum sp. For-1, AFI98563 (81, 85)

                	72
              


              
                	

                	DD484

                	

                	1

                	

                	Desulfotomaculum sp. For-1, AFI98563 (83, 92)

                	82
              

            
          


        

      


      
        The dsrA Gene in the Cariaco Basin


        dsrA libraries were generated and analyzed for S2 and R6 DNA and S2 cDNA (Table 2). All dsrA sequences fell into three different phylogenetic clusters (Fig. 2). Cluster 1 was the smallest and contained dsrA sequences found only in S2 DNA and cDNA. dsrA cluster 1 sequences were closely related to dsrA from the uncultured sulfate reducing bacterium clone ALRdec-24 and more distantly to dsrA from Desulfococcus multivorans. Cluster 2 dsrA sequences were closely related to each other and were present in all three libraries. They were closely related to Desulfotomaculum spp., based on phylogenetic and BLAST analyses.


        [image: ]
Fig. (2)

        Neighbor joining phylogenetic analysis of dsrA sequences. Names in bold correspond to sequences generated in this study. Clone names beginning with DC refer to sequences obtained from cDNA. Clone names beginning with DD refer to sequences obtained from DNA. ■, indicates bootstrap values >75%; ●, indicates values between 50 and 75%. The scale bar indicates 0.05 substitutions per site.

        Representatives of cluster 3 comprised 84% of all deltaproteobacterial clones sequenced and were found in all three libararies. Their dsrA genes were related to uncultured sulfate reducing bacteria and more distantly related to Desulfobacca acetoxidans.

      

    


    
      DISCUSSION


      Messenger RNA stabilization is a major issue when sampling bacterial communities in the environment. The average half-life time for mRNA in E. coli is below 6.8 minutes but can be as low as less than a 1 minute [28]. Thus, during sample collection, water samples need to be kept in conditions as similar to the natural environment as possible until fixed or frozen. Intact mRNA preservation is also critical for post-sampling transportation. Instant freezing in liquid nitrogen is generally recognized as the method of choice to stabilize and preserve RNA samples [29]. However, the logistics of transportation for international travel, for example, makes liquid nitrogen use a really complicated strategy. Here we tested a method based on the usage of the Deep-SID, which appears to be effective in stabilizing RNA and DNA for downstream molecular analysis.


      Previous work [3, 4, 8, 30] strongly suggests the presence of an internal sulfur cycle in the Cariaco Basin, in which dominant sulfur Gammaproteobacteria and less prominent sulfur epsilonproteobacteria oxidize sulfide to sulfate and Deltaproteobacteria then reduce sulfate to sulfide. This suggested a choice of genes for investigation of expression: dissimilative sulfite reductase (dsrA gene as a proxy) is a key gene in sulfate reduction whereas sulfide:quinone oxidoreductase (sqr) is deemed to be a key gene in sulfide oxidation.


      Sequences of the sqr gene have been shown to be present throughout a wide range of prokaryotic phyla [10]. Given the biogeochemical data available from previous studies involving the redoxcline of the Cariaco Basin [3, 4, 8, 31, 32], the phylogenetic groups of interest in the present study were the gamma- and epsilonproteobacteria whose sqr genes fall in the sqr groups 1 and 4 of Pham et al. [10].


      Within the sqr group 1, retrieved sequences were related to sqr sequences from the gamma- (cluster 1, Fig. 2) and alphaproteobacteria (cluster 2). Representatives of alphaproteobacteria from the redoxcline of the Cariaco Basin found to harbor the sqr gene include genus Bradyrhizobium. Species of this genus can grow chemolithotrophically with molecular hydrogen, carbon dioxide and low levels of oxygen but cannot oxidize sulfur species [33]. The sqr-like genes from gammaproteobacterial genera Methylomonas methanica and Methylomicrobium alcaliphilum were related to the Cariaco sqr clones in cluster 1 (Fig. 2). Species of these genera are obligate methanotrophs that utilize methane and methanol for carbon and energy with oxygen as electron acceptor [34, 35]. Sulfide oxidation has not been reported for either of these two particular Alpha or Gammaproteobacterial genera. However, SQR belongs to a family of similar proteins, which can carry out various reactions unrelated to sulfur metabolism. Thus, Methylomicrobium alcaliphilum “sqr” is more likely a membrane bound formaldehyde dehydrogenase [36]. Sulfide-quinone reductase-like proteins are believed to help regulate cellular sulfide concentrations in humans [37] and in yeasts they are involved in heavy metal tolerance [38].


      Group 4 sqr genes retrieved from the Cariaco Basin are closely related to sqr genes from sulfur bacteria and, thus, are most likely involved in in situ sulfide oxidation. One of these sulfur bacteria includes an epsilonproteobacterium, which is phylogenetically related to Sulfurovum sp. NBC37-1. 16S rDNA sequences closely related to Sulfurovum spp. have been previously found in the redoxcline of Cariaco [8]. Isolates of this genus have been demonstrated to grow chemolithoautotrophically with S 0 or thiosulfate as electron donors and oxygen or nitrate as electron acceptors [39]. The genome of Sulfurovum sp. NBC37-1 also includes genes related to utilization of H2 and S2-, in addition to S 0 and thiosulfate, as energy sources [40]. The sqr gene from Sulfurimonas autotrophica is related to sqr cluster 4 sequences found in this study (Fig. 1). S. autotrophica utilizes S 0, thiosulfate or sulfide as the sole electron donors for chemolithoautotrophic growth and so far only oxygen has been observed as an electron acceptor for this bacterium [41]. The sqr gene has been described in the genome of S. autotrophica [42]. Only one gammaproteobacterial sqr (from Thiorhodospira sibirica) was retrieved from the Cariaco Basin (Fig. 2). Sulfur oxidizing Gammaproteobacteria is believed to sometimes comprise up to 90% of all bacteria present in the Cariaco redox transition zone [8] and it is enigmatic that only one gammaproteobacterial sqr sequence was retrieved. The SQR-G1 and SQR-G4 primer sets used in this work should amplify all gammaproteobacterial sqr genes so far been deposited in GenBank. Perhaps, sulfur oxidizing Gammaproteobacteria use for sulfide oxidation an as yet unknown enzyme, which is distinct from sqr. T. sibirica has been described as a strictly anaerobic, obligately phototrophic, purple sulfur bacterium, which utilizes hydrogen sulfide and elemental sulfur as electron donors during photosynthesis [43]. One sqr gene sequence in the S2 cDNA library was closely related to sqr from the green-sulfur bacteria, phylum Chlorobi (Chlorobium tepidum and Chlorobaculum parvum). Chlorobia are obligate anaerobic photolithoautotrophs [44]. Reduced sulfur compounds oxidized by representatives of this phylum include sulfide, S 0, polysulfides, thiosulfates and tetrathionate [45, 46]. Given that there is no light present in the redoxcline of the Cariaco Basin, the importance of photosynthetic Chlorobi for the Cariaco biogeochemistry is questionable, even despite the fact that chlorobial sqr is being expressed in the Cariaco redox transition zone.


      The dsrA gene sequences obtained from the redoxcline of the Cariaco Basin belonged to chemoorganotrophic and chemoautotrophic sulfate and sulfur reducers from the class Deltaprotebacteria (phylum Proteobacteria) and the order Clostridiales (phylum Firmicutes) (Fig. 2). The dsrA gene from Desulfococcus spp., bacteria which completely oxidize formate, lactate, pyruvate, alcohols, monocarboxylic acids, acetone and phenyl-substituted organic acids to CO2 with sulfate, sulfite and thiosulfate as electron acceptors, was related to two sequences retrieved from the Cariaco Basin. Fermentation by bacteria from this genus has also been observed in the absence of an external electron acceptor [47]. The majority of the Cariaco dsrA sequences were related to dsrA gene of Desulfobacca acetoxidans (order Syntrophobacterales). This bacterium utilizes sulfate, sulfite and thiosulfate as electron acceptors with acetate as electron donor and carbon source, oxidizing acetate completely to carbon dioxide [48]. Desulfotomaculum spp. detected in the Cariaco Basin include chemoorganotrophic strains that oxidize simple organic compounds either completely to carbon dioxide or incompletely to acetate. Several species can grow autotrophically with molecular hydrogen and carbon dioxide as sole carbon source. Species of this genus utilize sulfate, sulfite and thiosulfate as electron acceptors, and fermentation has been observed in the absence of sulfate [49].


      Thus, we successfully amplified the genes encoding for SQR and DsrA from environmental DNA and RNA recovered from the Cariaco Basin. Further metagenome and metatranscriptom comparison for the Cariaco Basin microbial community is required to elucidate the role of abundant and rare bacteria in the Cariaco biogeochemistry.
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