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Abstract

:

Viral communities of two different salt pans located in the Namib Desert, Hosabes and Eisfeld, were investigated using a combination of multiple displacement amplification of metaviromic DNA and deep sequencing, and provided comprehensive sequence data on both ssDNA and dsDNA viral community structures. Read and contig annotations through online pipelines showed that the salt pans harbored largely unknown viral communities. Through network analysis, we were able to assign a large portion of the unknown reads to a diverse group of ssDNA viruses. Contigs belonging to the subfamily Gokushovirinae were common in both environmental datasets. Analysis of haloarchaeal virus contigs revealed the presence of three contigs distantly related with His1, indicating a possible new lineage of salterproviruses in the Hosabes playa. Based on viral richness and read mapping analyses, the salt pan metaviromes were novel and most closely related to each other while showing a low degree of overlap with other environmental viromes.
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1. Introduction


Research into the viral community structure of saline environments has focused mainly on marine environments with a limited number of studies looking at moderate or hypersaline lakes and solar salterns [1,2,3,4,5,6,7]. The study of extremophilic phages has revealed new mechanisms for host lysis, led to the introduction of new viral families, demonstrated interactions between phage and host proteins which are unlike those normally observed for mesophilic phages, shown phages with leaderless promoters, and has been a source of novel enzymes [8,9,10,11,12,13]. Investigating viruses infecting extremophiles will therefore shed light on the roles of their respective hosts in nature, as well as on the phage–host relationships as well as being a source of new tools for molecular biology research [14,15,16].



Isolation studies of hypersaline environments have revealed four main types of virus morphologies; spindle shaped or fusiform, head-tail, icosahedral and pleomorphic, while filamentous and rod-shaped viruses have also been observed by transmission electron microscopy (TEM) [2,17,18,19]. Not all of these morphologies are necessarily seen in any hypersaline environment, as shown by the viral diversity of Mono Lake (CA, USA) where only tailed and icosahedral viruses were found [20]. Currently, there are only a limited number of haloarchaeal virus genomes deposited in public databases, mainly from head-tail viruses, but also of pleomorphic viruses which can have single or double-stranded DNA genomes [21,22,23,24]. Shotgun metaviromics has been used as an alternative method for obtaining genome information for diversity studies in the absence of a universal viral marker gene. This also eliminates the bias created by viral isolation studies which rely on culturing of the host bacterium. For hypersaline crystallizer ponds, no viruses have been isolated infecting the two main archaeal components, Haloquadratum walsbyi and Salinibacter ruber [4]. Using culture-independent fosmid library cloning of metaviromic DNA, a potential phage genome for H. walsbyi was identified and named EHP1, but host assignment was very speculative [25]. Fosmid-based viral genomes have been assigned to a putative host with a higher reliability using cluster analysis based on tetranucleotide and codon usage binning, and confirmed with CRISPR (Clustered Regularly Interspaced Short Palindromic Repeats) spacer identification, revealing, among others, viruses of H. walsbyi [26]. The diversity of viruses and phages in the Namibian desert has not been adequately explored with only a handful of studies which describe phage isolation [27], limited sequencing [28] and one metagenomic study, focused on a niche environment, that of hypoliths [29]. Thus, much work still has to be done in characterizing the diversity of bacteriophages and viruses from this extreme environment.



In this study, we have sequenced metaviromes of two different salt pans (playas) in the Namib Desert, namely the Hosabes playa and another near the town of Swakopmund (Eisfeld). Playas found in the Namib Desert are moist, salt-covered, sediment-filled depressions which form in drainage channels whose surface and groundwater flow is obstructed by linear bedrock outcrops, in particular dolerite dykes, and their mineralogy and geochemistry has been well-studied by others [30,31,32,33,34]. They have a reported salinity of 3%–15% depending on the distance from the source, the depth of the pool and the time of day (evaporation), featuring halite (NaCl) and gypsum crusts (CaSO4·2H2O), with the Hosabes playa also containing the rare nitrate mineral Humberstonite (K3Na7Mg2(SO4)6(NO3)2·H2O) [30,31,32,33]. Follow-up studies indicated that the Hosabes playa is perennial and is not chemically different from the coastal Eisfeld playa which contains no marine water signals [34]. Interestingly, the Hosabes playa has been reported to reach temperatures as high as 50 °C in the water column [31]. While the temperature range does not qualify these sites as extreme, the salinity range makes them a potential home to both halotolerant and halophilic microorganisms [35], and the combinations of the isolated and unique location, higher temperatures and salinities found here could indicate that they also harbor unique viral populations.



The Hosabes and Eisfeld playas were identified as sites of interest for bioprospecting for novel enzymes, because of their salt content and their unexplored nature. The use of metaviromics for the exploration of new enzymes was suggested previously, taking into account the high density of coding sequences in viral genomes and the absence of a cultivation step [36]. This way, using a screening approach, a novel thermostable DNA polymerase was identified from a Yellowstone hot spring metavirome [11,37]. In this paper, we aimed to describe the diversity of viruses in the chosen salt pans, tried to assign the unidentified fractions of the metaviromes and investigate the uniqueness of the viral communities in these sites.




2. Materials and Methods


2.1. Sample Collection and Processing


The two sample sites were located in the Namib Desert approximately 124 km apart, one near the Gobabeb Training and Research Station (Hosabes: Gobabeb Saline or GS) at 23°30′25.75′′ S, 15°4′16.50′′ E, about 100 km inland from the town of Walvis Bay, while the Eisfeld site is located 21.5 km North East of Swakopmund (Swakopmund Saline or SS) at 22°29′5.02′′ S, 14°34′18.06′′ E [30]. From each site, 50 L of water, including any microbial mat formations which are depicted in Figure 1, was collected in sterile drums. Inclusion of the microbial mats was to insure representation of the most diverse viral community present in the salt springs. The water was collected from the flowing streams after digging a depression into the spring bed, letting it fill with water and then scooping it out into 2 × 25 L drums. The microbial mats from this depression were broken into pieces and forced through the drum opening, thus making a mix including microbial mat formations and water from the salt pan spring. The water was processed on site at ambient temperature; it was first filtered through 1 μm (CR0101006) and 0.22 μm (KVGLA10HH1) nitrocellulose filters (Millipore, Merck, Darmstadt, Germany) and subsequently concentrated with tangential flow filtration (TFF) using a prep-scale 30 kDa cut-off cartridge (Millipore; CDUF006LT) to a volume of about 100 mL. The system was sterilized with 0.1 M NaOH and rinsed with distilled water.
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Figure 1. Eisfeld playa (Swakopmund Saline) microbial mat as collected in this sample and mixed with water from the spring (Picture courtesy of E. Rybicki). 






Figure 1. Eisfeld playa (Swakopmund Saline) microbial mat as collected in this sample and mixed with water from the spring (Picture courtesy of E. Rybicki).
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Further sample processing occurred at the Institute for Microbial Biotechnology and Metagenomics (IMBM) at the University of the Western Cape (South Africa), where the concentrates were stored for two weeks at 4 °C until processing.



On site, metadata was collected (from 2010 to 2015). The pH was measured with narrow range strips (Merck, Darmstadt, Germany). The temperature and conductivity were measured using probes (Hanna Instruments, HI 9040 microcomputer thermometer, HI 8633 conductivity meter) which were either submersed in the stream or in water collected with a syringe from the stream and measured in a falcon tube. The conductivity meter was calibrated at 25 °C and 12.88 mS/cm buffer solution. Total dissolved solids and total salinity were calculated based on the conductivity at 25 °C.




2.2. Library Construction and Sequencing


Two independent DNA extractions were performed per site (GS and SS), using 25 mL of TFF (tangential flow filtration) sample per extraction, to limit any bias arising from the DNA extraction protocol. To ensure that DNAse and RNAse treatments performed later in the protocol were successful, the sample was first dialyzed against 5 L of 100 mM Tris buffer (pH8.0) using Snakeskin™ dialysis tubing (Life Technologies, Thermo Fischer Scientific, Waltham, MA, USA; 10 kDa cutoff) to remove excess salt. The suspension was concentrated down to the original 25 mL by dialysis against a 10% w/v solution of polyethylene glycol (PEG) 10,000. The dialyzed samples were inspected using fluorescence microscopy and no noticeable decrease in viral particles was observed. Virus particles were collected by centrifugation in a Beckman JA20 rotor at 43,667× g for 6 h in autoclaved 30-mL Nalgene polypropylene copolymer (PPCO) tubes, and the individual pellets were resuspended in 1 mL Tris buffer. The suspension was treated with DNase I (catalog no. EN0521; Fermentas) and RNase A (catalog no. EN0531; Fermentas) at a final concentration of 0.1 μg/mL at 37 °C for 2 h. The efficacy of DNAse treatment was assessed in two ways. The first was to remove an aliquot of the sample to which DNAse had been added and combining it with bacterial genomic DNA which was incubated at 37 °C alongside the sample. This digest was analyzed by agarose gel to determine if the bacterial genomic DNA was degraded. A portion of the DNAse treated sample was then used as template for PCR (35 cycles) to amplify bacterial 16S rRNA genes, including controls spiked with bacterial genomic DNA to check for PCR inhibitors from the sample. If no product was detected when loading the entire PCR reaction (50 μL) on an agarose gel, we proceeded with DNA extraction. Proteinase K (Fermentas) was added to a final concentration of 1 μg/mL and the suspension incubated at 55 °C for 2 h. SDS was added to a final concentration of 0.6% (w/v) and incubated at 37 °C for 1 h. Nucleic acids were purified by performing two rounds of phenol-chloroform-isoamyl alcohol (25:24:1) phase separation followed by one round of chloroform-isoamyl alcohol (24:1) phase separation. DNA was precipitated by the addition of 1/10 volume of sodium acetate (3 M; pH 5.2) and 2 volumes of 100% ethanol at 4 °C overnight. Samples were centrifuged at 29,000× g for 10 min to pellet the DNA, which was resuspended in 30 μL of TE (Tris-EDTA) buffer. The two separate DNA extractions per site were pooled for the whole genome amplification. Ten nanograms of DNA from each sample was used to perform Phi29 amplification (GenomiPhi HY DNA amplification kit; catalog no. 25-6600-20; GE Healthcare, Little Chalfont, UK) using the manufacturer’s recommendations. The DNA was purified using the Qiagen gel extraction kit (Qiaex II; catalog no. 20021; Qiagen, Hilden, Germany) for use in preparation of sequencing libraries. Library preparation included a 10% phiX V3 spike as per the manufacturer’s instructions (Illumina Nextera XT guide) with the Illumina Nextera XT library prep kit/MiSeq reagent kit V2 (Illumina, San Diego, CA, USA). Three libraries were constructed for DNA from each site, to capture a wider variety of DNA species for sequencing. The amplified DNA was sequenced 2 × (forward and reverse sequencing) 250-bp reads, on the Illumina MiSeq platform located at the University of the Western Cape, Cape Town, South Africa.




2.3. Raw Read Processing and Assembly


The quality of the raw read files was first checked with FastQC [38] getting a pass for the forward reads (R1 files) and a fail or a warning for the reverse reads (R2 files). Using in-house scripts the reads were then filtered for a minimum quality of 25 and trimmed at the 3′ end in a sliding window until read quality was at least 25 with a minimum length of 150 bp. This yielded 19,754,486 reads with an average length of 174 bases for GS and 20,662,380 reads with an average length of 172 bases for SS. The reads mapping to phiX version 3 as supplied by Illumina were removed using bowtie2 at the default settings (version 2.2.3). Of the post-quality control (QC) forward read files, random subsets were taken for submission to MetaVir [39,40] which has a limit of 2.5 million reads per metavirome.



The post-QC reads were assembled using CLC Genomics Workbench as paired files (3 × 2 read files per site), using the default settings, and any residual contigs showing more than 99% sequence identity with phiX were removed. Additional contamination screens were performed using the whole genome shotgun (WGS) submission pipeline of the National Center for Biotechnology Information (NCBI) and any contigs showing contamination were removed. For GS, the assembly resulted in 11,304 contigs with a minimum length of 200 bases at an N50 of 530 and a maximum of 74,962 bases. The assembly of the SS reads gave 22,352 contigs of minimum 200 bases at an N50 of 457 and a maximum contig size of 23,854 bases. These contig files were also submitted to MetaVir and VIROME for analysis [39,40,41]. The contig datasets are available from GenBank under BioProject PRJNA287316, accession numbers LFUF00000000 and LFUG00000000. The versions described in this paper are LFUF01000000 and LFUG01000000.




2.4. In Silico Analyses


Contig networks for the Namib Saline sites were generated by first mapping the post-QC reads to their respective contigs using bowtie2 [42]. The reads were mapped as paired-end reads at setting very-sensitive, end-to-end alignment. With these parameters, reads were only mapped against the reference (in this case the contigs) if they aligned over the entire length of the read with no mismatches, using 20 iterations to assign a read. The sam file output was then used as input for the cytoscapeviz.pl script [43] to create connections, contig length and contig coverage tab files [44]. The connections file was then used in Cytoscape [45] to create the networks, with size of the nodes relative to contig length and its color relative to contig coverage. Networks were given a putative taxonomic assignment if at least one of the contigs gave BLASTx results with the nr database at e values <0.001 or BLASTp against the RefSeq virus database including conserved domain search (e values <0.001), the latter performed by MetaVir. When multiple taxonomic assignments were found, the assignment was made at a higher taxon. For example, a contig with genes showing similarity to the Podoviridae family and another with genes similar to those of the family Siphoviridae within the same network resulted in an assignment of the order Caudovirales for the network.



Phylogenetic trees were generated with MEGA6 [46] using clustalW [47] at default settings for the alignment and the maximum likelihood (ML) method with 100 bootstraps for tree generation (Jones-Taylor-Thornton model for amino acids [48], Nearest-Neighbor-Interchange ML heuristic method).



For the read mapping analysis of GS and SS, the read files were merged into one file per metavirome. An additional phiX removal step was included as well as a removal of potential human contamination (hg18 bowtie2 reference index) using bowtie2 at setting very-fast, resulting in 15,207,796 reads for GS and 15,465,794 reads for SS. A reference set of metaviromes was downloaded from MetaVir and GenBank as fasta files and used to build a reference with bowtie2-build at the default settings. Alternatively, the GS and SS contigs were used as a reference. Mapping was performed at the very-fast setting using unpaired reads, which means that the mapping algorithm used only 5 iterations before assigning a mapped read which needed to align over its entire length with no mismatches allowed. Some metavirome files could not be converted into reference index files due to their large sizes. To assess the contigs to which the reads were mapped, the samtools package was used to extract all the mapped reads (samtools view—F 4) [49].



To cluster metaviromes based on the known virus fraction, the taxonomic composition of all dsDNA contig datasets available from MetaVir was downloaded (January 2015), including those of the Namib saline sites, GS contigs and SS contigs. The table was expanded to the species level, loaded into R and transformed into a presence/absence table. Bray-Curtis dissimilarities were calculated using the Vegan package, clustered using hclust, and subsequently plotted in R.



GS and SS contigs were annotated using the MetaVir pipeline, using MetaGeneAnnotator software [50] and BLASTx to the RefSeq virus database. In parallel, the same contigs were annotated by the VIROME pipeline using MetaGene [51] and BLASTp to the UNIREF100P [52] and MetaGenomes OnLine databases [41,53]. Annotated contigs of interest were downloaded from MetaVir as GenBank files. Additional annotations were found using the Conserved Domain search of NCBI [54]. The contig comparison figure of the salterproviruses was created using Easyfig [55] with tBLASTx for comparison and was annotated in Paint.net 4.0.5 (dotPDN LLC).





3. Results and Discussion


3.1. The Hosabes and Eisfeld Playas


The Hosabes spring, source of the Gobabeb Saline (GS) metavirome, had a variation in pH from 7.0–7.5 at the source and 9.0–9.5 at the sink, measured over multiple years (2010–2015). The electrical conductivity also displayed a range (61–103 mS/cm) with the lowest conductivities measured at the source and the highest at the sink. This translated into a total dissolved solids (TDS) range of approximately 39,000–66,000 ppm, giving a measure of the number of unbound inorganic solutes such as Na2+, Cl−, Mg2+, SO42−, and CO32− present within the spring water. The salinity range based on the measured conductivity was 4.1%–7.5%. For the Eisfeld playa, where the Swakopmund Saline (SS) metavirome was sampled, the pH ranged from 6.5 at the source to 8.5 at the sink. The conductivities for this site reached a higher maximum, ranging from 66–180 mS/cm, giving a TDS range of 42,000–115,000 ppm and a salinity range of 4.5%–8.6%. These values agree well with those reported previously [31,33]. These salinity values are in the same range as the moderately hypersaline Salton Sea (CA, USA) which has a salinity of 5% in the water table and up the 11.8% in the sediment [56]. However, compared with solar salterns and crystallizer ponds which have reported salinity values of 13.8%–37%, these values are rather low, which can explain the novelty of these metaviromes [3,4,26,57].




3.2. Identification of Unknown Contigs and Reads Shows an Extended Range of ssDNA Viruses with a High Prevalence of Members of the Microviridae Family


The taxonomic breakdown of the Gobabeb (GS) and Swakopmund Saline (SS) metaviromes is described in Table 1 and is characterized by the high incidence of unknown reads (>92%) and contigs (>79%). At the gene level, 47% and 48% of the predicted proteins, for GS and SS, respectively, had no database homolog and were designated ORFans.
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Table 1. Taxonomic breakdown of Gobabeb Saline and Swakopmund Saline metaviromes according to the MetaVir and VIROME pipelines.







Table 1. Taxonomic breakdown of Gobabeb Saline and Swakopmund Saline metaviromes according to the MetaVir and VIROME pipelines.







	
Taxonomic Breakdown 1

	
Gobabeb Saline (GS)

	
Swakopmund Saline (SS)






	
Unknown reads (MetaVir)

	
95%

	
92%




	
Unknown contigs (MetaVir)

	
80%

	
79%




	
ORFans (VIROME)

	
47%

	
48%




	
Viral metagenomic ORFs (VIROME)

	
7%

	
9%




	
Microbial metagenomic ORFs (VIROME)

	
3%

	
5%




	
ORFs designated functional proteins (VIROME)

	
31%

	
30%




	
ORFs designated unassigned proteins (VIROME)

	
11%

	
8%








1 MetaVir uses BLASTp comparisons to the virus RefSeq database, while VIROME categorizes ORFs based on BLASTp comparisons with the UniRef100P database for functional and unassigned proteins and MGOLD for the remaining ORFs. “Unknown” refers to contigs and reads without equivalents in the searched database, ORFans are ORFs which have no homologous gene present in any of the databases.







To provide a general taxonomic assignment to the unknown reads and contigs, we performed a network analysis. The networks in Figure 2 represent contigs of the metaviromes of Gobabeb (A) and Swakopmund (B) playas which connected to at least one other, where the size of the circle is proportional to contig size and the intensity of the color directly proportional to the coverage of the read mapping. The edges denote the read pairs which map to different contigs, thus connecting them in the network. For two contigs to be connected in a network, paired reads needed to be mapped to the different contigs over the full length of the read. In this case, an average of 172–174 bp (= average read length for these datasets) is then shared between the contigs at a 100% match. With this level of sequence similarity, we hypothesize that the contigs in a single network are taxonomically related. This analysis was adapted from Albertsen and colleagues (2013) where they used genome coverage and tetranucleotide binning of contigs followed by paired-end network scaffolding to generate single bacterial genomes from metagenomic datasets [44]. In this case, we have skipped the coverage and tetranucleotide binning to group both rare and abundant viral genomes which show a high level of sequence similarity over a section of the contigs. Additionally, tetranucleotide usage patterns for bacteriophages have been shown to be more consistent for the host range than within the same phage family [58], making this parameter inappropriate for viral binning for taxonomic assignment. Thus, the networks do not represent single genomes, but rather a set of genomes which can then be grouped at the (sub)family level or higher.





[image: Viruses 08 00014 g002 1024] 





Figure 2. Network representation of the contigs of the Gobabeb Saline (A) and Swakopmund Saline (B) metaviromes. Connections between the contigs (circles) are based on read pairs mapping to different contigs. The circle size is proportional with contig length and the darker the color (light to dark blue for GS, light to dark green for SS), the higher the coverage of the reads mapping to a specific contig. Contig networks containing at least one contig with coverage higher than 1000× were investigated and are numbered. Only the contigs connected to at least one other are shown. 
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For the Gobabeb saline spring, 24 networks contained at least one contig with over 1000-fold coverage (Figure 2A, Table 2 and Table S1). Eight networks, comprising 36 contigs, were identified as ssDNA viruses, either not further characterized (networks 3, 5, 8, 16) or belonging to the families Inoviridae (network 2), Microviridae (networks 9, 10), or Geminiviridae (network 17). While the majority of contigs belonging to the families Inoviridae and Microviridae most likely represent bacteriophages, the Geminiviridae family contains plant viruses of which members of the genera Mastrevirus and Begomovirus have been known to infect tropical plants/crops in Sub-Saharan Africa [59]. Two of the ssDNA networks (5 and 16) showed identity to hypothetical proteins from sequences designated as an uncultured marine virus. This sequence is derived from a collection of environmental ssDNA viruses from ocean samples (British Columbia Strait of Georgia, Gulf of Mexico and Saanich Inlet) which are divided into 129 genetically distinct groups showing a high sequence divergence and no significant sequence similarity to known virus families [60]. The authors have suggested that these ssDNA genomes represent new virus families and we can hypothesize that many of the networks in this study also represent new lineages of ssDNA viruses. Four of the 24 networks showed similarity with proteins of bacteria, unicellular algae or fungi, suggesting a low level of contamination, transduced host DNA or the presence of integrated viruses in the reference database DNA. One network seemed to represent a temperate bacteriophage of the Myoviridae family while the remaining 11 networks were completely unaffiliated. For the 24 networks, 96 of the 108 contigs were classified as unknown environmental sample by MetaVir. As a result of the network assignments, we managed to increase the number of annotations and now only 39 out of 108 contigs remain completely unknown.
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Table 2. Read mapping results of Gobabeb Saline contigs, resulting in the networks in Figure 2A. Putative taxonomic assignment is based on BLASTx results with the nr database at e values <0.001 and BLASTp against the RefSeq virus database including conserved domain search (e values <0.001).







Table 2. Read mapping results of Gobabeb Saline contigs, resulting in the networks in Figure 2A. Putative taxonomic assignment is based on BLASTx results with the nr database at e values <0.001 and BLASTp against the RefSeq virus database including conserved domain search (e values <0.001).







	
Network 1

	
Number of Contigs 2

	
Maximum Contig Coverage

	
Average Network Coverage

	
Putative Taxonomic Assignment of Network

	
Marker Genes Present






	
1

	
5

	
1204×

	
739×

	
unknown

	
-




	
2

	
6

	
5193×

	
2849×

	
Inoviridae

	
Assembly protein




	
3

	
6

	
20,648×

	
4037×

	
ssDNA viruses

	
Rep protein, capsid protein




	
4

	
5

	
1247×

	
646×

	
unknown

	
-




	
5

	
12

	
77,280×

	
24,754×

	
ssDNA viruses

	
-




	
6

	
5

	
1083×

	
430×

	
unicellular algae

	
-




	
7

	
6

	
1070×

	
562×

	
unknown

	
-




	
8

	
15

	
90,340×

	
16,676×

	
ssDNA viruses

	
Coat protein, rep protein




	
9

	
6

	
159,565×

	
40,887×

	
Microviridae

	
protein D




	
10

	
3

	
4599×

	
1568×

	
Gokushovirinae

	
VP1, replication initiation protein




	
11

	
3

	
1660×

	
885×

	
bacteria

	
-




	
12

	
5

	
1733×

	
1128×

	
bacteria

	
-




	
13

	
3

	
1600×

	
898×

	
Myoviridae

	
Integrase, thioredo×in, primase




	
14

	
3

	
4477×

	
4096×

	
unknown

	
-




	
15

	
3

	
17,074×

	
6620×

	
unknown

	
Replication initiation factor




	
16

	
2

	
9629×

	
4971×

	
ssDNA viruses

	
-




	
17

	
2

	
73,466×

	
36,764×

	
Geminiviridae

	
Coat protein




	
18

	
2

	
72,629×

	
36,423×

	
unknown

	
-




	
19

	
2

	
28,306×

	
16,364×

	
unknown

	
-




	
20

	
3

	
3887×

	
2776×

	
unknown

	
-




	
21

	
2

	
8056×

	
4856×

	
unknown

	
-




	
22

	
3

	
1011×

	
522×

	
unknown

	
-




	
23

	
2

	
10,800×

	
8738×

	
unknown

	
-




	
24

	
4

	
1909×

	
992×

	
bacteria, fungi

	
-








1 24 networks out of 163 were analyzed; 2 The 163 networks grouped 567 contigs out of 11,304, of which 2483 were positively identified as viral.







In the Swakopmund Saline dataset, 29 networks had at least one contig with over 1000-fold coverage, for a total of 154 contigs (Figure 2B, Table 3 and Table S1). The same trend as for the Gobabeb Saline metavirome was observed here, with 14 ssDNA virus networks with similarity to either the families Circoviridae (networks 8, 10, 11, 15, 21, 22), Microviridae, specifically the subfamily Gokushovirinae (networks 2, 6), Inoviridae (network 20), or to unassigned ssDNA viruses (networks 1, 4, 9, 24, 25). The increased presence of circoviruses, the majority of which infect avian species [59], in the Swakopmund saline site compared with the Gobabeb site could be explained by the site’s geographical location, closer to the sea and potentially frequented by a greater number of bird species [61]. Many of the contigs in the unidentified ssDNA networks showed similarity to one or more of the uncultured marine ssDNA viruses indicating that these are not exclusively marine viruses. One network was associated with tailed phages (network 7) and four with bacteria (networks 5, 12, 13, 28), of which one showed similarity to a replication protein of Halobacteria (network 13), possibly of viral origin. The remaining 10 networks were unknown. In this case, we were able to increase the number of affiliated contigs from 39–110 out of 154.
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Table 3. Read mapping results of Swakopmund Saline contigs, resulting in the networks in Figure 2B. Putative taxonomic assignment is based on BLASTx results with the nr database at e values <0.001 and BLASTp against the RefSeq virus database including conserved domain search (e values <0.001).







Table 3. Read mapping results of Swakopmund Saline contigs, resulting in the networks in Figure 2B. Putative taxonomic assignment is based on BLASTx results with the nr database at e values <0.001 and BLASTp against the RefSeq virus database including conserved domain search (e values <0.001).







	
Network 1

	
Number of Contigs 2

	
Maximum Contig Coverage

	
Average Network Coverage

	
Putative Taxonomic Assignment of Network

	
Marker Genes Present






	
1

	
27

	
445,272×

	
49,366×

	
ssDNA viruses

	
Rep protein




	
2

	
11

	
2553×

	
1327×

	
Gokushovirinae

	
Capsid protein, replication initiator, portal protein




	
3

	
12

	
2708×

	
1534×

	
unknown

	
Replication initiator domain




	
4

	
11

	
20,653×

	
6595×

	
ssDNA viruses

	
Rep protein, coat protein




	
5

	
10

	
7461×

	
3782×

	
bacteria

	
Rep protein




	
6

	
13

	
2449×

	
1261×

	
Gokushovirinae

	
Capsid protein, replication initiator




	
7

	
5

	
1640×

	
741×

	
Caudovirales

	
VirE, integrase




	
8

	
4

	
7756×

	
2660×

	
Circoviridae

	
Rep protein




	
9

	
6

	
1055×

	
412×

	
ssDNA viruses

	
Rep protein




	
10

	
3

	
1178×

	
992×

	
Circoviridae

	
Rep protein




	
11

	
3

	
5901×

	
3905×

	
Circoviridae

	
Rep protein




	
12

	
3

	
4081×

	
2463×

	
bacteria

	
-




	
13

	
4

	
1599×

	
945×

	
Halobacteria

	
Rep protein




	
14

	
3

	
1645×

	
838×

	
unknown

	
-




	
15

	
3

	
2242×

	
1207×

	
Circoviridae

	
Capsid protein




	
16

	
4

	
1480×

	
812×

	
unknown

	
-




	
17

	
2

	
1287×

	
1123×

	
unknown

	
-




	
18

	
2

	
2230×

	
1638×

	
unknown

	
-




	
19

	
2

	
1118×

	
600×

	
unknown

	
-




	
20

	
4

	
9613×

	
6416×

	
Inoviridae

	
Assembly protein




	
21

	
3

	
1578×

	
1178×

	
Circoviridae

	
Capsid protein




	
22

	
4

	
6853×

	
3898×

	
Circoviridae

	
Replication-associated protein




	
23

	
2

	
79,472×

	
49,830×

	
unknown

	
-




	
24

	
2

	
9622×

	
7527×

	
ssDNA viruses

	
Replication-associated protein




	
25

	
2

	
17,505×

	
10,399×

	
ssDNA viruses

	
Capsid protein




	
26

	
2

	
1782×

	
1208×

	
unknown

	
-




	
27

	
2

	
5295×

	
4949×

	
unknown

	
-




	
28

	
2

	
3670×

	
2825×

	
Cyanobacteria

	
-




	
29

	
3

	
2157×

	
1447×

	
unknown

	
-








1 29 networks out of 98 were analyzed; 2 The 98 networks grouped 397 contigs out of 22,352, of which 4886 were positively identified as viral.







In both GS and SS datasets, several contigs with phage integrase genes were identified (see Table 2 and Table 3). In the GS metavirome, 2483 contigs were recognized as viral with counterparts in the database of which 67 contained an integrase gene. For the 4886 viral contigs of SS, 92 contained an integrase gene. Taking into account that we have collected only extracellular viral particles, and have not used a lysogenic induction step [62], both metaviromes have a significant potential for lysogeny.



The high prevalence of ssDNA genomes in these datasets is most likely caused by the multiple displacement DNA amplification method (MDA), using the phi29 polymerase. Recent research has indicated that MDA preferentially amplifies circular ssDNA viruses when present [63,64,65].



In the network analysis, many contigs with similarity to marine gokushoviruses, or Microviridae members in general, were identified. To investigate the presence and diversity of potential genomes belonging to this family, all presumed circular contigs with lengths over 4000 bp were extracted from the datasets through MetaVir, and the major capsid protein amino acid sequences were compared to those of selected isolates of the family Microviridae and the major capsid proteins (VP1) of a set of 81 assembled genomes from metavirome datasets [66]. The resulting phylogenetic tree (Figure 3) placed the saline contigs within clades of the subfamilies Gokushovirinae and “Pichovirinae”. The gokushovirus group was the most diverse, containing the majority of the genomes of the Namib saline metaviromes, as well as genomes of marine, freshwater and human virome origins. With these additional capsid protein sequences, there seems to be a mostly environmental clade and two human-associated clades within the subfamily Gokushovirinae, with two GS capsid proteins clustering with a human-associated clade. It is possible that the two GS genes belong to phage genomes associated with bacteria present in animal feces (observed in and around the salt pans). A division into two groups was also witnessed after a PCR amplification study, giving rise to a eukaryote-associated clade and an environmentally-dominated clade [67]. Additionally, our results confirm that the Gokushovirinae subfamily is ubiquitously distributed and therefore probably of importance in general microbial ecology [67,68,69]. A number of saline contigs of both sites clustered with the “Pichovirinae” clade, which is an infrequently recovered proposed subfamily, comprised of sequences of aquatic origin, including freshwater, coral and microbialite metaviromes [66]. Additional studies have identified three new pichovirus-related sequences, one from deep sea trench sediment and two from methane seep sediments [67,70]. However, the diversity of pichoviruses might be underestimated at this time, since the PCR and RFLP-based studies seem to favor amplification of gokushoviruses related to the Chlamydia phage isolates which were used for primer design [67].



No capsid proteins of the saline metaviromes in this study were clustered with the “Alpavirinae” or members of the genus Microvirus. Alpaviruses have so far only been found in human-associated viromes [66,71], and the lack of sequences clustering with this group could indicate an absence of human contamination. It is interesting to note that in this analysis, the phiX174-related viruses of the Microvirus genus form a clade which is nested within the “Alpavirinae” clade, albeit with low bootstrap support. Two distinct clades of alpaviruses are also found in the phylogenetic analysis of Roux and colleagues, indicating that this subfamily could be split as more microviruses are sequenced [66].




3.3. The Gobabeb Saline Site Contains Novel Haloviral Genomes Related to the Genus Salterprovirus


The saline metavirome datasets were mined for contigs showing resemblance to known haloarchaeal viruses. This analysis revealed 152 contigs for GS and 35 contigs for SS which showed varying degrees of similarity. The majority of these signatures belonged to viruses informally categorized as Haloviruses, comprising a group of head-tailed archaeal viruses with myovirus or siphovirus morphologies [21]. To investigate potential new lineages of haloarchaeal viruses, we examined contigs with a length approximating that of the genome to which they showed the most similarity. Three large contigs linked to salterprovirus His1 (the only representative of its genus) were identified in the Gobabeb saline dataset for which the read mapping showed a coverage from 15×–60× (depicted in Figure 4). His1 is a spindle-shaped haloarchaeal virus infecting the euryarchaeyote Haloarcula hispanica and has been isolated from Lake Victoria, Australia [72,73]. GS contigs 5257 and 5258 showed the highest similarity at the amino acid level, although average nucleotide identities could not be calculated due to very low reciprocal similarity values. The three GS contigs showed amino acid sequence similarities to several genes of His1. Three structural protein-encoding genes of His1, the major capsid protein (mcp) and two minor structural proteins (VP26 and VP27) [74], had counterparts in the metavirome contigs be it at low amino acid similarities. The putative DNA polymerase, PolB, however, could not be identified in the metavirome contigs. One reason could be that the contigs do not represent complete genomes, but it is also possible that these viruses do not encode their own DNA polymerases. The C terminal region of the minor structural protein VP27 of His1 seemed to be conserved in the metavirome contigs and the proteins of both His1 and contig 5357 contained a carbopeptidase regulatory-like domain. With this low level of amino acid similarity and no significant nucleic acid identity, the GS contigs do not represent genomes belonging to the genus Salterprovirus. Rather, taking into account the conservation of the structural proteins, these genomes could be the first representatives of a candidate “Salterproviridae” family.
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Figure 3. Maximum likelihood amino acid phylogenetic tree of the predicted capsid proteins (VP1) of presumed members of the Microviridae family. Sequences from this study are indicated by squares, known isolates by triangles and capsid proteins extracted from assembled genomes from previous metagenomic studies by circles [66]. The arches represent the presumed taxonomic distribution of the genomes. The tree with the highest log likelihood (−104,932.0787) is shown. Initial tree(s) for the heuristic search were obtained by applying the Neighbor-Joining method to a matrix of pairwise distances estimated using a Jones-Taylor-Thornton model. The analysis involved 133 amino acid sequences. There were a total of 1145 positions in the final dataset. Bootstrap percentages (on 100) are indicated at the branches. 
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Figure 4. Pairwise genomic comparison of the salterprovirus His1 with metaviromic contigs from the Gobabeb Saline metavirome. The predicted coding sequences are depicted by arrows. The putative polymerase B gene is colored blue, the major capsid protein (mcp) red and the minor structural proteins in blue-green. Grey areas between the genomes are pairwise tBLASTx similarities (areas of amino acid sequence identity). 
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As the capsid gene is widely used as a phylogenetic marker, the evolutionary relationship between VP1 of the three putative genomes and isolated archaeal viruses was investigated in an amino acid-based phylogenetic tree (Figure 5). We included the fuselloviruses Sulfolobus spindle-shaped virus 1 (SSV1) and Acidianus spindle-shaped virus 1 (ASV1) which share morphological characteristics with His1, and the newly classified gammapleolipovirus His2 (ICTV Proposal 2015.042a-oB, ictvonline.org) which infects the same host as His1. The three metaviromic putative capsid proteins clustered with that of His1 virus, and were also distantly related to the fuselloviruses, while His2 was practically unrelated. All putative capsid proteins contained two hydrophobic transmembrane domains (data not shown) which were found to be characteristic for fusello-like archaeal viruses (or tailless spindle-shaped viruses) but are not present in members of the family Bicaudaviridae (tailed spindle-shaped viruses) [74,75]. Based on this information, we can hypothesize that the candidate family “Salterproviridae”, comprising the genus Salterprovirus and the metavirome contigs, shares an evolutionary relationship with fuselloviruses. Alternatively, as previously suggested by Krupovic and colleagues, all tailless spindle-shaped viruses could be grouped into the family Fuselloviridae and be recognized as different genera, with the genus Salterprovirus becoming “Epsilonfusellovirus” [75].




3.4. The Gobabeb and Swakopmund Saline Metaviromes are Novel and More Closely Related to Each Other Than to Other Metaviromes


3.4.1. Read Mapping


To investigate the degree of similarity between GS, SS and other metaviromes, two strategies of read mapping were used. In a first strategy, reads from a set of 44 publically available metaviromes, including ssDNA only and hypersaline metaviromes, were mapped to the GS or SS contigs (Table S2). In the second strategy, the reads from GS or SS were mapped against the reads or contigs from the environmental metaviromes.



Of the Gobabeb Saline reads, 92.7% mapped to their own contig dataset, illustrating that the assembly represented almost the entire read dataset. For the Swakopmund data, this was slightly higher at 93.2%. When mapping the two metaviromes against each other, 57.7% of the GS reads mapped to the SS contigs and 55.4% of the SS reads mapped to the GS contigs. This very high degree of similarity between the two saline metaviromes is indicative of a high similarity in the viral community structures, supporting the hypothesis that these similar environments (shallow, desert salt springs) select for a similar community composition despite the geographic distance (approximately 124 km apart).
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Figure 5. Maximum Likelihood phylogenetic tree of the predicted major capsid proteins (mcp) of the GS metavirome contigs, the salterprovirus His1, the proposed gammapleiolipovirus His2 and representative isolates of the family Fuselloviridae, Sulfolobus spindle-shaped virus 1 (SSV1) and Acidianus spindle-shaped virus 1 (ASV1). The tree with the highest log likelihood (−1555) is depicted here, showing only the topology. Bootstrap values (calculated on 100) are shown for each branch. The final alignment contained 142 amino acid positions. 
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Since MDA preferentially amplifies ssDNA, we compared the saline reads and contigs with three ssDNA metavirome datasets collected from different ocean regions [60]. This yielded no overlap with the reads from the British Columbia Strait of Georgia (SOG) and a low overlap for the Saanich Inlet and the Gulf of Mexico ssDNA reads (Table S2), indicating that the saline metavirome ssDNA complement is very distinct from the marine.



Comparing the GS and SS reads and contigs with other saline metaviromes, we found that the Namib sites were markedly novel. For the solar saltern metaviromes (MetaVir project IDs 24-32; [1]), no similarity was found with the Namib sites (max. 20 reads mapped) while the hypersaline metaviromes from the unpublished “Archevir” project (P-series, MetaVir project IDs 1700-1705) gave a maximum overlap of 131 reads.



For the Gobabeb saline metavirome, over 1000 reads mapped to the reads of freshwater Lake Michigan metaviromes (MetaVir project IDs 3305, 3306), and to a seawater metavirome read dataset, Indian Ocean virome sample GS108 (MetaVir project ID 1478, [76]). The disparity between the viromes mapped to reads and contigs could be explained by the presence of identical reads in the datasets. The presence of similar reads in these very different datasets seemingly indicates the presence of a small fraction of ubiquitous viral genomes. For the SS dataset, less similarity was found, with only the Indian Ocean GS108 sample showing >1000 mapped reads.



The results of the read mapping of GS and SS reads against metavirome contigs revealed a high degree of similarity between both GS and SS, and the Antarctic hypolith (AH) and open soil (AOS) metaviromes (MetaVir project IDs 2472, 2473; [77]). Given the geographical spread of these metavirome origins and the difference in habitat, we analyzed the contigs to which the reads were mapped. In the case of GS, all the reads mapped to four AH contigs with the majority of the reads (275,746) mapped to a contig showing resemblance to a hypothetical protein of Cellulophaga phage phi47:1, a myovirus isolated from seawater [78]. This exact same protein was responsible for the majority of the mapped reads in the AOS contig (95,629). Phage phi47:1 has been described as belonging to a highly divergent group of myoviruses (CbaSM-like phages) with ~54 kb genomes present in ocean environments. This result indicates the potential globally-distributed nature of a related phage group [78]. This was in contrast with the SS read mapping to the same metaviromes, in which a Circoviridae capsid protein had the majority of mapped SS reads (40,836). For the AOS contigs, the SS reads mapped to a range of contigs described as environmental samples in MetaVir, with some hits to the virus families Myoviridae, Mimiviridae and Nudiviridae. We therefore conclude that the seemingly high similarity between the Antarctic soil and the Namib saline metaviromes is caused by a limited number of shared genes possibly belonging to a small fraction of globally ubiquitous viruses.




3.4.2. Comparison of the Presence/Absence of Viral Groups


Since MDA of the metaviromic DNA is likely to introduce a bias towards ssDNA virus taxa, we conducted the comparison of the known viral groups solely based on presence/absence of viral species in the contig datasets. Hierarchical clustering of the Bray-Curtis dissimilarity matrix confirmed the result from the read mapping data, that the Gobabeb and Swakopmund saline metaviromes were most closely related to each other (Figure 6). All the viromes used in this comparison showed at least some shared species as the dissimilarity never reached 1. This implies a baseline of viral species shared over a wide range of environments. The GS and SS metaviromes were part of a very heterogeneous cluster comprising mostly freshwater lake environments but also hypoliths and human gut viromes. The presence of such a heterogeneous cluster is likely due to a database bias, seeing as this analysis only covers the known fraction of viruses, and/or the use of a small reference virome set. The seawater viromes from the Great Barrier Reef (Dunk and Fitzroy Island) and the hypersaline Archevir project (P-series, MetaVir project IDs 1700-1705) clustered separately. No virus taxa were unique to the Namib saline metaviromes. As expected from the library construction process, no RNA viruses were observed, and neither were the Archaea-infecting families Fuselloviridae and Rudiviridae which specifically infect extremely thermophilic and/or acidophilic hosts.



We also noted the absence of the recently discovered crAssphage, a genome which was cross-assembled from human gut metaviromes and which has been shown to be ubiquitously distributed in public metagenomes [79]. Shortly after its discovery, crAssphage was already suggested as a marker to track human fecal pollution [80], from which we can infer an absence of human fecal contamination in the Namib saline sites.
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Figure 6. Cluster analysis of a Bray Curtis dissimilarity matrix based on the presence/absence of viral species in the investigated metaviromes as found by the MetaVir pipeline. Metaviromes were colored according to their biome. The Gobabeb Saline and Swakopmund Saline metaviromes are indicated with a red box. 
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4. Conclusions


The Namib saline metaviromes share a high degree of similarity in their sequence space and are distinct from other published metaviromes. MDA of the virome DNA has revealed a high richness of ssDNA viruses, from potential phages to insect, plant and bird virus signatures. Almost all of the known haloarchaeal virus genomes have homologs in these metaviromes, suggesting that these salt pans are ideally suited for the discovery of new archaea-infecting viruses. Furthermore, the presence of many tailed phages makes these sites useful targets to mine for phage enzymes such as DNA polymerases for industrial applications.








Supplementary Materials


The following are available online at http://www.mdpi.com/1999-4915/8/1/14/s1, Table S1: Network analysis annotation results (a) Gobabeb Saline metavirome, (b) Swakopmund Saline metavirome, Table S2: Read mapping results for the Namib Saline metaviromes (Gobabeb and Swakopmund Saline) to other publically available metaviromes.





Acknowledgments


The authors greatly acknowledge the National Research Foundation (NRF) of South Africa which funded this research (CPRR14080586851). Evelien M Adriaenssens was funded by the Claude Leon Foundation and the Vice Chancellor’s Postdoctoral Fellowship program of the University of Pretoria. The authors would like to thank Frank Eckardt and Brian E. Jones for sharing their invaluable knowledge on the Namib Desert playas.




Author Contributions


Leonardo Joaquim van Zyl and Marla I Trindade conceived and designed the experiment and acquired the data; Evelien M Adriaenssens performed the data analysis and interpretation, and drafted the manuscript; Don A Cowan provided analysis tools; all authors critically revised the work, give approval to this version submitted and agree to be accountable for all aspects of the work.




Conflicts of Interest


There are patent investigations on gene sequences of three contigs of each dataset. These will stay under embargo during the patent application process. Apart from this, the authors declare no conflict of interest exists. The founding sponsors had no role in the design of the study; in the collection, analyses, or interpretation of data; in the writing of the manuscript, and in the decision to publish the results.




References


	



Rodriguez-Brito, B.; Li, L.; Wegley, L.; Furlan, M.; Angly, F.; Breitbart, M.; Buchanan, J.; Desnues, C.; Dinsdale, E.; Edwards, R.; et al. Viral and microbial community dynamics in four aquatic environments. ISME J. 2010, 4, 739–751. [Google Scholar] [CrossRef] [PubMed]

	



Baxter, B.K.; Mangalea, M.R.; Willcox, S.; Sabet, S.; Nagoulat, M.-N.; Griffith, J.D. Haloviruses of Great Salt Lake: A model for understanding viral diversity. In Halophiles and Hypersaline Environments; Ventosa, A., Oren, A., Ma, Y., Eds.; Springer: Berlin, Germany, 2011; pp. 173–190. [Google Scholar]

	



Boujelben, I.; Yarza, P.; Almansa, C.; Villamor, J.; Maalej, S.; Antón, J.; Santos, F. Virioplankton community structure in Tunisian solar salterns. Appl. Environ. Microbiol. 2012, 78, 7429–7437. [Google Scholar] [CrossRef] [PubMed]

	



Santos, F.; Yarza, P.; Parro, V.; Briones, C.; Anton, J. The metavirome of a hypersaline environment. Environ. Microbiol. 2010, 12, 2965–2976. [Google Scholar] [CrossRef] [PubMed]

	



Emerson, J.B.; Thomas, B.C.; Andrade, K.; Allen, E.E.; Heidelberg, K.B.; Banfield, J.F. Dynamic viral populations in hypersaline systems as revealed by metagenomic assembly. Appl. Environ. Microbiol. 2012, 78, 6309–6320. [Google Scholar] [CrossRef] [PubMed]

	



Emerson, J.B.; Thomas, B.C.; Andrade, K.; Heidelberg, K.B.; Banfield, J.F. New approaches indicate constant viral diversity despite shifts in assemblage structure in an Australian hypersaline lake. Appl. Environ. Microbiol. 2013, 79, 6754–6764. [Google Scholar] [CrossRef] [PubMed]

	



Breitbart, M. Marine Viruses: Truth or Dare. Ann. Rev. Mar. Sci. 2012, 4, 425–448. [Google Scholar] [CrossRef] [PubMed]

	



Arnold, H.P.; Zillig, W.; Ziese, U.; Holz, I.; Crosby, M.; Utterback, T.; Weidmann, J.F.; Kristjanson, J.K.; Klenk, H.P.; Nelson, K.E.; et al. A novel lipothrixvirus, SIFV, of the extremely thermophilic crenarchaeon Sulfolobus. Virology 2000, 267, 252–266. [Google Scholar] [CrossRef] [PubMed]

	



Chen, Y.; Wei, D.; Wang, Y.; Zhang, X. The role of interactions between bacterial chaperone, aspartate aminotransferase, and viral protein during virus infection in high temperature environment: The interactions between bacterium and virus proteins. BMC Microbiol. 2013, 13, 48. [Google Scholar] [CrossRef] [PubMed]

	



Jin, M.; Ye, T.; Zhang, X. Roles of bacteriophage GVE2 endolysin in host lysis at high temperatures. Microbiology 2013, 159, 1597–1605. [Google Scholar] [CrossRef] [PubMed]

	



Moser, M.J.; DiFrancesco, R.A.; Gowda, K.; Klingele, A.J.; Sugar, D.R.; Stocki, S.; Mead, D.A.; Schoenfeld, T.W. Thermostable DNA polymerase from a viral metagenome is a potent RT-PCR enzyme. PLoS ONE 2012, 7, e38371. [Google Scholar] [CrossRef] [PubMed]

	



Plotka, M.; Kaczorowska, A.K.; Stefanska, A.; Morzywolek, A.; Fridjonsson, O.H.; Dunin-Horkawicz, S.; Kozlowski, L.; Hreggvidsson, G.O.; Kristjansson, J.K.; Dabrowski, S.; et al. Novel highly thermostable endolysin from Thermus scotoductus MAT2119 bacteriophage Ph2119 with amino acid sequence similarity to eukaryotic peptidoglycan recognition proteins. Appl. Environ. Microbiol. 2014, 80, 886–895. [Google Scholar] [CrossRef] [PubMed]

	



Sevostyanova, A.; Djordjevic, M.; Kuznedelov, K.; Naryshkina, T.; Gelfand, M.S.; Severinov, K.; Minakhin, L. Temporal regulation of viral transcription during development of Thermus thermophilus bacteriophage φYS40. J. Mol. Biol. 2007, 366, 420–435. [Google Scholar] [CrossRef] [PubMed]

	



Liu, B.; Zhang, X. Deep-sea thermophilic Geobacillus bacteriophage GVE2 transcriptional profile and proteomic characterization of virions. Appl. Microbiol. Biotechnol. 2008, 80, 697–707. [Google Scholar] [CrossRef] [PubMed]

	



Payet, J.; Suttle, C.A. To kill or not to kill: The balance between lytic and lysogenic viral infection is driven by trophic status. Limnol. Oceanogr. 2013, 58, 465–474. [Google Scholar]

	



Rice, G.; Stedman, K.; Snyder, J.; Wiedenheft, B.; Willits, D.; Brumfield, S.; McDermott, T.; Young, M.J. Viruses from extreme thermal environments. Proc. Natl. Acad. Sci. USA 2001, 98, 13341–13345. [Google Scholar] [CrossRef] [PubMed]

	



Roine, E.; Oksanen, H.M. Viruses from the hypersaline environment. In Halophiles and Hypersaline Environments; Ventosa, A., Al, E., Eds.; Springer: Berlin, Germany, 2011; pp. 153–172. [Google Scholar]

	



Sime-Ngando, T.; Lucas, S.; Robin, A.; Tucker, K.P.; Colombet, J.; Bettarel, Y.; Desmond, E.; Gribaldo, S.; Forterre, P.; Breitbart, M.; et al. Diversity of virus-host systems in hypersaline Lake Retba, Senegal. Environ. Microbiol. 2011, 13, 1956–1972. [Google Scholar] [CrossRef] [PubMed]

	



Atanasova, N.S.; Roine, E.; Oren, A.; Bamford, D.H.; Oksanen, H.M. Global network of specific virus-host interactions in hypersaline environments. Environ. Microbiol. 2012, 14, 426–440. [Google Scholar] [CrossRef] [PubMed]

	



Brum, J.R.; Steward, G.F. Morphological characterization of viruses in the stratified water column of alkaline, hypersaline Mono Lake. Microb. Ecol. 2010, 60, 636–643. [Google Scholar] [CrossRef] [PubMed]

	



Senčilo, A.; Roine, E. A glimpse of the genomic diversity of haloarchaeal tailed viruses. Front. Microbiol. 2014, 5, 1–6. [Google Scholar]

	



Pietilä, M.K.; Roine, E.; Paulin, L.; Kalkkinen, N.; Bamford, D.H. An ssDNA virus infecting archaea: A new lineage of viruses with a membrane envelope. Mol. Microbiol. 2009, 72, 307–319. [Google Scholar] [CrossRef] [PubMed]

	



Roine, E.; Kukkaro, P.; Paulin, L.; Laurinavicius, S.; Domanska, A.; Somerharju, P.; Bamford, D.H. New, closely related haloarchaeal viral elements with different nucleic acid types. J. Virol. 2010, 84, 3682–3689. [Google Scholar] [CrossRef] [PubMed]

	



Senčilo, A.; Paulin, L.; Kellner, S.; Helm, M.; Roine, E. Related haloarchaeal pleomorphic viruses contain different genome types. Nucleic Acids Res. 2012, 40, 5523–5534. [Google Scholar] [CrossRef] [PubMed]

	



Santos, F.; Meyerdierks, A.; Peña, A.; Rosselló-Mora, R.; Amann, R.; Antón, J. Metagenomic approach to the study of halophages: The environmental halophage 1. Environ. Microbiol. 2007, 9, 1711–1723. [Google Scholar] [CrossRef] [PubMed]

	



Garcia-Heredia, I.; Martin-Cuadrado, A.B.; Mojica, F.J.M.; Santos, F.; Mira, A.; Antón, J.; Rodriguez-Valera, F. Reconstructing viral genomes from the environment using fosmid clones: The case of haloviruses. PLoS ONE 2012, 7, e33802. [Google Scholar] [CrossRef] [PubMed]

	



Prestel, E.; Regeard, C.; Andrews, J.; Oger, P.; DuBow, M.S. A novel bacteriophage morphotype with a ribbon-like structure at the tail extremity. Res. J. Microbiol. 2012, 7, 75–81. [Google Scholar]

	



Prestel, E.; Salamitou, S.; DuBow, M.S. An examination of the bacteriophages and bacteria of the Namib Desert. J. Microbiol. 2008, 46, 364–372. [Google Scholar] [CrossRef] [PubMed]

	



Adriaenssens, E.M.; van Zyl, L.; de Maayer, P.; Rubagotti, E.; Rybicki, E.; Tuffin, M.; Cowan, D.A. Metagenomic analysis of the viral community in Namib Desert hypoliths. Environ. Microbiol. 2015, 17, 480–495. [Google Scholar] [CrossRef] [PubMed]

	



Eckardt, F.D.; Drake, N.; Goudie, A.S.; White, K.; Viles, H. The role of playas in pedogenic gypsum crust formation in the Central Namib Desert: A theoretical model. Earth Surf. Process. Landf. 2001, 26, 1177–1193. [Google Scholar] [CrossRef]

	



Day, J.A.; Seely, M.K. Physical and chemical conditions in an hypersaline spring in the Namib Desert. Hydrobiologia 1988, 160, 141–153. [Google Scholar] [CrossRef]

	



Day, J.A. The major ion chemistry of some southern African saline systems. Hydrobiologia 1993, 267, 37–59. [Google Scholar] [CrossRef]

	



Eckardt, F.D.; Drake, N. Introducing the Namib Desert playas. In Sabkha Ecosystems; Öztürk, M., Böer, B., Barth, H.-J., Clüsener-Godt, M., Khan, M.A., Breckle, S.-W., Eds.; Springer Netherlands: Dordrecht, The Netherlands, 2011; Volume 46, pp. 19–25. [Google Scholar]

	



Eckardt, F.D.; Soderberg, K.; Coop, L.J.; Muller, A.A.; Vickery, K.J.; Grandin, R.D.; Jack, C.; Kapalanga, T.S.; Henschel, J. The nature of moisture at Gobabeb, in the central Namib Desert. J. Arid Environ. 2013, 93, 7–19. [Google Scholar] [CrossRef]

	



Capece, M.C.; Clark, E.; Saleh, J.K.; Halford, D.; Heinl, N.; Hoskins, S.; Rothschild, L.J. Polyextremophiles and the constraints for terrestrial habitability. In Polyextremophiles: Life under Multiple Forms of Stress; Seckbach, J., Oren, A., Stan-Lotter, H., Eds.; Springer Science + Business Media: Dordrecht, The Netherlands, 2013; pp. 7–59. [Google Scholar]

	



Schoenfeld, T.; Liles, M.; Wommack, K.E.; Polson, S.W.; Godiska, R.; Mead, D. Functional viral metagenomics and the next generation of molecular tools. Trends Microbiol. 2010, 18, 20–29. [Google Scholar] [CrossRef] [PubMed]

	



Schoenfeld, T.; Patterson, M.; Richardson, P.M.; Wommack, K.E.; Young, M.; Mead, D. Assembly of viral metagenomes from yellowstone hot springs. Appl. Environ. Microbiol. 2008, 74, 4164–4174. [Google Scholar] [CrossRef] [PubMed]

	



Andrews, S. FastQC: A quality control tool for high throughput sequence data. Available online: http://www.bioinformatics.babraham.ac.uk/projects/fastqc/ (accessed on 9 March 2015).

	



Roux, S.; Faubladier, M.; Mahul, A.; Paulhe, N.; Bernard, A.; Debroas, D.; Enault, F. Metavir: A web server dedicated to virome analysis. Bioinformatics 2011, 27, 3074–3075. [Google Scholar] [CrossRef] [PubMed]

	



Roux, S.; Tournayre, J.; Mahul, A.; Debroas, D.; Enault, F. Metavir 2: New tools for viral metagenome comparison and assembled virome analysis. BMC Bioinform. 2014, 15, 76. [Google Scholar] [CrossRef] [PubMed]

	



Wommack, K.E.; Bhavsar, J.; Polson, S.W.; Chen, J.; Dumas, M.; Srinivasiah, S.; Furman, M.; Jamindar, S.; Nasko, D.J. VIROME: A standard operating procedure for analysis of viral metagenome sequences. Stand. Genomic Sci. 2012, 6, 427–439. [Google Scholar] [CrossRef] [PubMed]

	



Langmead, B.; Salzberg, S.L. Fast gapped-read alignment with Bowtie 2. Nat. Methods 2012, 9, 357–359. [Google Scholar] [CrossRef] [PubMed]

	



Albertsen, M. Cytoscapeviz. Available online: http://www.github.com/MadsAlbertsen/multi-metagenome/tree/master/cytoscapeviz (accessed on 15 August 2014).

	



Albertsen, M.; Hugenholtz, P.; Skarshewski, A.; Nielsen, K.L.; Tyson, G.W.; Nielsen, P.H. Genome sequences of rare, uncultured bacteria obtained by differential coverage binning of multiple metagenomes. Nat. Biotechnol. 2013, 31, 533–538. [Google Scholar] [CrossRef] [PubMed]

	



Shannon, P.; Markiel, A.; Ozier, O.; Baliga, N.S.; Wang, J.T.; Ramage, D.; Amin, N.; Schwikowski, B.; Ideker, T. Cytoscape: A software environment for integrated models of biomolecular interaction networks. Genome Res. 2003, 13, 2498–2504. [Google Scholar] [CrossRef] [PubMed]

	



Tamura, K.; Stecher, G.; Peterson, D.; Filipski, A.; Kumar, S. MEGA6: Molecular evolutionary genetics analysis version 6.0. Mol. Biol. Evol. 2013, 30, 2725–2729. [Google Scholar] [CrossRef] [PubMed]

	



Larkin, M.A.; Blackshields, G.; Brown, N.P.; Chenna, R.; McGettigan, P.A.; McWilliam, H.; Valentin, F.; Wallace, I.M.; Wilm, A.; Lopez, R.; et al. Clustal W and Clustal X version 2.0. Bioinformatics 2007, 23, 2947–2948. [Google Scholar] [CrossRef] [PubMed]

	



Jones, D.T.; Taylor, W.R.; Thornton, J.M. The rapid generation of mutation data matrices from protein sequences. Bioinformatics 1992, 8, 275–282. [Google Scholar] [CrossRef]

	



Li, H.; Handsaker, B.; Wysoker, A.; Fennell, T.; Ruan, J.; Homer, N.; Marth, G.; Abecasis, G.; Durbin, R. The Sequence Alignment/Map format and SAMtools. Bioinformatics 2009, 25, 2078–2079. [Google Scholar] [CrossRef] [PubMed]

	



Noguchi, H.; Taniguchi, T.; Itoh, T. MetaGeneAnnotator: Detecting species-specific patterns of ribosomal binding site for precise gene prediction in anonymous prokaryotic and phage genomes. DNA Res. 2008, 15, 387–396. [Google Scholar] [CrossRef] [PubMed]

	



Noguchi, H.; Park, J.; Takagi, T. MetaGene: Prokaryotic gene finding from environmental genome shotgun sequences. Nucleic Acids Res. 2006, 34, 5623–5630. [Google Scholar] [CrossRef] [PubMed]

	



The UniProt Consortium. The Universal Protein Resource (UniProt) in 2010. Nucleic Acids Res. 2010, 38, D142–D148. [Google Scholar]

	



Metagenomes Online. Available online: http://www.metagenomesonline.org (accessed on 6 April 2015).

	



Marchler-Bauer, A.; Derbyshire, M.K.; Gonzales, N.R.; Lu, S.; Chitsaz, F.; Geer, L.Y.; Geer, R.C.; He, J.; Gwadz, M.; Hurwitz, D.I.; et al. CDD: NCBI’s conserved domain database. Nucleic Acids Res. 2014, 43, D222–D226. [Google Scholar] [CrossRef] [PubMed]

	



Sullivan, M.J.; Petty, N.K.; Beatson, S.A. Easyfig: A genome comparison visualizer. Bioinformatics 2011, 27, 1009–1010. [Google Scholar] [CrossRef] [PubMed]

	



Swan, B.K.; Ehrhardt, C.J.; Reifel, K.M.; Moreno, L.I.; Valentine, D.L. Archaeal and bacterial communities respond differently to environmental gradients in anoxic sediments of a California hypersaline lake, the Salton Sea. Appl. Environ. Microbiol. 2010, 76, 757–768. [Google Scholar] [CrossRef] [PubMed]

	



Martínez-García, M.; Santos, F.; Moreno-Paz, M.; Parro, V.; Antón, J. Unveiling viral–host interactions within the “microbial dark matter”. Nat. Commun. 2014, 5, 1–8. [Google Scholar] [CrossRef] [PubMed]

	



Pride, D.T.; Wassenaar, T.M.; Ghose, C.; Blaser, M.J. Evidence of host-virus co-evolution in tetranucleotide usage patterns of bacteriophages and eukaryotic viruses. BMC Genomics 2006, 7, 8. [Google Scholar] [CrossRef] [PubMed]

	



King, A.M.Q.; Adams, M.J.; Carstens, E.B.; Lefkowitz, E.J. (Eds.) Virus Taxonomy, 9th ed.; Elsevier Inc.: London, UK, 2012.

	



Labonté, J.M.; Suttle, C.A. Previously unknown and highly divergent ssDNA viruses populate the oceans. ISME J. 2013, 7, 2169–2177. [Google Scholar] [CrossRef] [PubMed]

	



Wearne, K.; Bridgeford, P. Coastal birds of the Namib-Naukluft Park. In Namib: Secrets of a Desert Uncovered; Seely, M., Pallett, J., Eds.; Venture Publications: Windhoek, Namibia, 2012; pp. 37–39. [Google Scholar]

	



Roberts, J.W.; Devoret, R. Lysogenic Induction. Cold Spring Harb. Monogr. Arch. 1983, 13, 123–144. [Google Scholar]

	



Kim, K.-H.; Bae, J.-W. Amplification methods bias metagenomic libraries of uncultured single-stranded and double-stranded DNA viruses. Appl. Environ. Microbiol. 2011, 77, 7663–7668. [Google Scholar] [CrossRef] [PubMed]

	



Marine, R.; McCarren, C.; Vorrasane, V.; Nasko, D.; Crowgey, E.; Polson, S.W.; Wommack, K.E. Caught in the middle with multiple displacement amplification: The myth of pooling for avoiding multiple displacement amplification bias in a metagenome. Microbiome 2014, 2. [Google Scholar] [CrossRef] [PubMed]

	



Polson, S.W.; Wilhelm, S.W.; Wommack, K.E. Unraveling the viral tapestry (from inside the capsid out). ISME J. 2011, 5, 165–168. [Google Scholar] [CrossRef] [PubMed]

	



Roux, S.; Krupovic, M.; Poulet, A.; Debroas, D.; Enault, F. Evolution and diversity of the Microviridae viral family through a collection of 81 new complete genomes assembled from virome reads. PLoS ONE 2012, 7, e40418. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Hopkins, M.; Kailasan, S.; Cohen, A.; Roux, S.; Tucker, K.P.; Shevenell, A.; Agbandje-McKenna, M.; Breitbart, M. Diversity of environmental single-stranded DNA phages revealed by PCR amplification of the partial major capsid protein. ISME J. 2014, 8, 2093–2103. [Google Scholar] [CrossRef] [PubMed]

	



Reavy, B.; Swanson, M.M.; Cock, P.; Dawson, L.; Freitag, T.E.; Singh, B.K.; Torrance, L.; Mushegian, A.R.; Taliansky, M. Distinct circular single-stranded DNA viruses exist in different soil types. Appl. Environ. Microbiol. 2015, 81, 3934–3945. [Google Scholar] [CrossRef] [PubMed]

	



Labonté, J.M.; Hallam, S.; Suttle, C.A. Previously unknown evolutionary groups dominate the ssDNA gokushoviruses in oxic and anoxic waters of a coastal marine environment. Front. Microbiol. 2015, 6. [Google Scholar] [CrossRef] [PubMed]

	



Bryson, S.; Thurber, A.R.; Correa, A.M.S.; Orphan, V.J.; Thurber, R.V. A novel sister clade to the Enterobacteria microviruses (family Microviridae) identified in methane seep sediments. Environ. Microbiol. 2015, 17, 3708–3721. [Google Scholar] [CrossRef] [PubMed]

	



Krupovic, M.; Forterre, P. Microviridae goes temperate: Microvirus-related proviruses reside in the genomes of Bacteroidetes. PLoS ONE 2011, 6, e19893. [Google Scholar] [CrossRef] [PubMed]

	



Bath, C.; Dyall-Smith, M.L. His1, an archaeal virus of the Fuselloviridae family that infects Haloarcula Hispanica. J. Virol. 1998, 72, 9392–9395. [Google Scholar] [PubMed]

	



Bath, C.; Cukalac, T.; Porter, K.; Dyall-Smith, M.L. His1 and His2 are distantly related, spindle-shaped haloviruses belonging to the novel virus group, Salterprovirus. Virology 2006, 350, 228–239. [Google Scholar] [CrossRef] [PubMed]

	



Pietilä, M.K.; Atanasova, N.S.; Oksanen, H.M.; Bamford, D.H. Modified coat protein forms the flexible spindle-shaped virion of haloarchaeal virus His1. Environ. Microbiol. 2013, 15, 1674–1686. [Google Scholar] [CrossRef] [PubMed]

	



Krupovic, M.; Quemin, E.R.J.; Bamford, D.H.; Forterre, P.; Prangishvili, D. Unification of the globally distributed spindle-shaped viruses of the Archaea. J. Virol. 2014, 88, 2354–2358. [Google Scholar] [CrossRef] [PubMed]

	



Williamson, S.J.; Allen, L.Z.; Lorenzi, H.A.; Fadrosh, D.W.; Brami, D.; Thiagarajan, M.; McCrow, J.P.; Tovchigrechko, A.; Yooseph, S.; Venter, J.C. Metagenomic exploration of viruses throughout the Indian Ocean. PLoS ONE 2012, 7, e42047. [Google Scholar] [CrossRef] [PubMed]

	



Zablocki, O.; van Zyl, L.; Adriaenssens, E.M.; Rubagotti, E.; Tuffin, M.; Cary, S.C.; Cowan, D. High-level diversity of tailed phages, eukaryote-associated viruses and virophage-like elements in the metaviroms of Antarctic soils. Appl. Environ. Microbiol. 2014, 80, 6888–6897. [Google Scholar] [CrossRef] [PubMed]

	



Holmfeldt, K.; Solonenko, N.; Shah, M.; Corrier, K.; Riemann, L.; Verberkmoes, N.C.; Sullivan, M.B. Twelve previously unknown phage genera are ubiquitous in global oceans. Proc. Natl. Acad. Sci. USA 2013, 110, 12798–12803. [Google Scholar] [CrossRef] [PubMed]

	



Dutilh, B.E.; Cassman, N.; McNair, K.; Sanchez, S.E.; Silva, G.G.Z.; Boling, L.; Barr, J.J.; Speth, D.R.; Seguritan, V.; Aziz, R.K.; et al. A highly abundant bacteriophage discovered in the unknown sequences of human faecal metagenomes. Nat Commun. 2014, 5. [Google Scholar] [CrossRef] [PubMed][Green Version]

	



Stachler, E.; Bibby, K. Metagenomic evaluation of the highly abundant human gut bacteriophage CrAssphage for source tracking of human fecal pollution. Environ. Sci. Technol. Lett. 2014, 1, 405–409. [Google Scholar] [CrossRef]





© 2016 by the authors; licensee MDPI, Basel, Switzerland. This article is an open access article distributed under the terms and conditions of the Creative Commons by Attribution (CC-BY) license (http://creativecommons.org/licenses/by/4.0/).







media/file4.png
@W RO WA Y\ I WELE SURAN VA

_ 10,, 12 13

2\ G %v\/\\\@s NG 7 XYY ANl OSNONYT)
7/7/)”K\blllll1[||lHll'HHllH[llHHllHH||]\Hlllll[llHlfv/\/f‘/\k\)ﬂﬂ—&—/"\r(?‘ﬂﬂﬁk\%u@@

1 4 3 4

. . .

,._-.—"F'. .? - i -

o 'o'i ..i- . y .. __:.l"

e ® . . -—-..I""

» "}‘-Hi t .. '..:-u t .. Al
« B :
. H
: 6 7 8 9 10 11
» [ - ? »e
. *
5 3 .5 . ..- " O Bl oo
" f-_ - ’ @ . g L]
? o
1 [ ]
12 3 c.id + 15 . 16 ., @8 ®  ssbesdesesd
: il -: --t ----------
ttttttttttt - . . »
1? & ‘ : |: 1 .'-o "I“l . ] o
...... . 21 22 23 24 2 26 27
:131!9 ade g 20 '... ® [=12] --cc?
28 29





nav.xhtml


  viruses-08-00014


  
    		
      viruses-08-00014
    


  




  





media/file11.png
1.|. ssAqe”deep uonels  YHO1Y
Py . . \

® v2' d3SON sbiuoD||y islueT oxe
Z INMOA JslueT e

L INPOA'sBIu0D|Iy 1olueT axe
ynjodAyonoseiuy

yoeag 9S0Juol\” UBBIYOIN o¥ET
yoesg 1S UiLG uebiyoin exen

@ eqiey axYe7 9d

nehn

@ nojebN 6d

T T T 1
90 ¥'0 20 00
Aepwissip siuno-Aeig

@ Hypersaline
@ Marine
@ Soil-associated

Assembled metaviromes





media/file1.png





media/file7.png
minor structural proteins
26 VP27

polB mep
His1

GS_contig_5357

GS_contig_5257

GS_contig_5258






media/file9.png
092

contig5257_putative_mcp

contig5258_putative_mcp

lissw,m
I— ASVI_mep






media/file10.png
0.83

092

0.81

contig5257_putative_mcp

contig5258_putative_mcp

contig5357_putative_mcp

His1_mcp

SSV1_mcp

ASV1_mcp

His2_mcp





media/file5.png
Microvirus

A isolates

GS contigs
SS contigs

Freshwater





media/file12.png
yujodAy onosejuy

T uoofes ¢d
auleS punwdoyems
“_mc__wm|pmnmpoo
Uuined ayen
18b6inog eyen
— @ |10s uado onoIelUY
@ nojebN Gd

1108lgng N6 uewnyH
@ syyjodAy qien
® puejs| £oiz)i4
@ puels| jung
@ nojebN 8d
@ nojebN 2d
@ eqiey aye7 9d
@ nojebN 6d

I I I I |
80 90 ¥°0 c¢0 00
Aejiwissip siuno—-Aeig

@ Hypersaline
@® Marine

syoalgns ||y In6 uewnH

@ Freshwater
@ Human-associated
@ Soil-associated

1 @ ssAge desp uonels YHOY
® vz d3SONsBiuo) |y JelueT axyeT
Z TNMOA JalueT aye
L INFOA sBiuo||y Jelue e

yoeag oasoJjuop\ uebiydln exe
yoeag 1S yiLG uebiyoiN oxe]

Assembled metaviromes





media/file3.png
&QW{\CXW PEETOR XKD

AN AV e NN
)/)/)/KhH[H\HHHHI\HHHHI\HHIHHH\HHIHHHHHA’\/\//‘“\‘\X%%k)'\(?’\\\\\»\uuo






media/file0.png





media/file8.png
minor structural proteins
polB mcp VP26 VP27

GS_contig_5357

GS_contig_5257

\ AL-I-A‘-“—‘ D ‘x
‘ ;&\ ‘
“Mlu“

GS_contig_5258 rr—rw“‘—“‘“

1Kbp 100%
—

19%





media/file6.png
Alpavirinae
Gokushovirinae
Pichovirinae
Microvirus

A Isolates

GS contigs
SS contigs

Freshwater
Marine
Human feces
Human gut
Human lung
Microbialite






