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Oxygen minimum zones harbor novel viral communities with low diversity
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Abstract 26 

Oxygen minimum zones (OMZs) are oceanographic features that affect ocean 27 

productivity and biodiversity, and contribute to ocean nitrogen loss and greenhouse gas 28 

emissions. Here we describe the viral communities associated with the Eastern Tropical 29 

South Pacific (ETSP) OMZ off Iquique, Chile for the first time through abundance 30 

estimates and viral metagenomic analysis. The viral to microbial ratio (VMR) in the 31 

ETSP OMZ fluctuated in the oxycline and declined in the anoxic core to below one on 32 

several occasions. The number of viral genotypes (unique genomes as defined by 33 

sequence assembly) ranged from 2040 at the surface to 98 in the oxycline, which is the 34 

lowest viral diversity recorded to date in the ocean. Within the ETSP OMZ viromes, only 35 

4.95 % of genotypes were shared between surface and anoxic core viromes using 36 

reciprocal BLASTn sequence comparison. ETSP virome comparison with surface marine 37 

viromes (Sargasso Sea, Gulf of Mexico, Kingman Reef, Chesapeake Bay) revealed a 38 

dissimilarity of ETSP OMZ viruses to those from other oceanic regions. From the 1.4 39 

million non-redundant DNA sequences sampled within the altered oxygen conditions of 40 

the ETSP OMZ, more than 97.8 % were novel. Of the average 3.2 % of sequences that 41 

showed similarity to the SEED non-redundant database, phage sequences dominated the 42 

surface viromes, eukaryotic virus sequences dominated the oxycline viromes, and phage 43 

sequences dominated the anoxic core viromes. The viral community of the ETSP OMZ 44 

was characterized by fluctuations in abundance, taxa and diversity across the oxygen 45 

gradient. The ecological significance of these changes was difficult to predict, however, it 46 

appears that the reduction in oxygen coincides with an increased shedding of eukaryotic 47 

viruses in the oxycline, and a shift to unique viral genotypes in the anoxic core.  48 A
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Introduction 49 

Oxygen concentrations in the ocean are driven by physical processes, e.g. 50 

advection and turbulent diffusion, as well as biological processes, e.g. microorganism 51 

metabolism (Paulmier and Ruiz-Pino, 2008). Thermohaline circulation allows oxygen to 52 

penetrate the deepest waters of the ocean. However, in some locations, reduced 53 

ventilation, sluggish circulation, and respiration of sinking organic matter produced by 54 

phototrophs at the surface generate oxygen-deficient intermediate waters (between ~ 100 55 

- 1000 m deep) with oxygen concentrations lower than those in the waters above or 56 

below (Paulmier and Ruiz-Pino, 2008; Ulloa and Pantoja, 2009). When oxygen 57 

concentrations in the intermediate waters drop below 20 µM, they are often classified as 58 

oxygen minimum zones (OMZs) (Ulloa and Pantoja, 2009), although other authors use 59 

different oxygen thresholds. Recent observations with the ultra-sensitive STOX sensor 60 

(Revsbech et al., 2009) in combination with geochemical and environmental genomic 61 

surveys have revealed that OMZs in which nitrite accumulate are essentially anoxic, and 62 

that biogeochemical cycling within these OMZs is primarily driven by anaerobic 63 

microbial processes (Canfield et al., 2010; Stewart et al., 2012; Thamdrup et al., 2012). 64 

The three main oceanic OMZs in which there is clear evidence of anaerobic 65 

microbial metabolism are located in the Eastern Tropical North Pacific (ETNP), the 66 

Eastern Tropical South Pacific (ETSP), and the Arabian Sea (Paulmier and Ruiz-Pino, 67 

2008; Thamdrup et al., 2012). Recent expansion in geographic range and temporal 68 

duration of OMZs coupled with a decrease of oxygen concentration within OMZs has 69 

raised concerns because these zones are known sources of greenhouse gases, e.g. carbon 70 

dioxide and nitrous oxide (Friederich et al., 2008; Codispoti, 2010). Further concerns 71 

arising from OMZ expansion includes a historic association with massive marine 72 A
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extinction events (Kiehl and Shields, 2005). Oxygen-deficient conditions associated with 73 

OMZs stress mobile macroorganisms, leading these regions to be dominated by Bacterial 74 

and Archaeal species (Stevens and Ulloa, 2008; Jayakumar et al., 2009; Belmar et al., 75 

2011; Stewart et al., 2012).  76 

In OMZs, Bacteria and Archaea carry a diverse genetic repertoire which allows 77 

the use of alternative electron donors and acceptors during energy metabolism. Bacteria 78 

and Archaea in OMZs are involved in anaerobic pathways in nitrogen and sulfur 79 

metabolism (Thamdrup et al., 2006; Lam et al., 2009; Canfield et al., 2010; Lam and 80 

Kuypers, 2011). Relatives of the ammonia-oxidizing Archaeon Nitrosopumilus maritimus 81 

was found to dominate the oxycline of the ETSP OMZ (Belmar et al., 2011). 82 

Planctomycetes, autotrophic bacteria involved in the anommox pathway, are also found 83 

within OMZs (Ferdelman et al., 2006; Thamdrup et al., 2006). Denitrification and 84 

anommox, in particular, are associated with the loss of fixed nitrogen from these regions 85 

(Lam, Lavik et al. 2009; Lam and Kuypers 2011). ETSP OMZ microbes play roles in the 86 

marine sulfur cycle, particularly in dissimilatory sulfur oxidation and sulfate reduction 87 

(Canfield et al., 2010). In addition, novel microbes such as the chemioautrotrophic 88 

SUP05, a free living gammaproteobacteria first identified in the Saanich  Inlet (Walsh et 89 

al., 2009), have been identified within the ETSP OMZ (Stewart et al., 2012). While the 90 

phylogenetic relationships (Stevens and Ulloa, 2008; Belmar et al., 2011) and community 91 

gene content and expression of ETSP OMZ microbes have been reported (Lavin et al., 92 

2008; Canfield et al., 2010; Stewart et al., 2012), the characteristics of the viral 93 

communities remain unknown.  94 A
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Viruses are an abundant component of all marine environments (Suttle, 2005). 95 

Viral abundance ranges between 10
6
 viruses ml

-1
 of seawater in the open ocean to 10

8
 96 

viruses ml
-1

 of seawater in near-shore regions (Proctor and Fuhrman, 1990; Hara et al., 97 

1991; Fuhrman and Suttle, 1993; Parsons et al., 2011). The majority of marine viruses are 98 

phages that infect heterotrophic and autotrophic bacteria. A large proportion of organic 99 

matter generated by microbes can flow back into the microbial loop because of infection 100 

and subsequent cell destruction by phage in a process known as the viral shunt (Wilhelm 101 

and Suttle, 1999; Weinbauer and Rassoulzadegan, 2004; Suttle, 2005). The ratio of 102 

viruses to microbes (defined here as Bacteria, Archaea, and small Eukaryotes) as 103 

determined by abundance estimates may be an indication of the predator–prey interaction 104 

between viruses and microbial hosts (Weinbauer et al., 1993; Clasen et al., 2008; De 105 

Corte et al., 2012).  106 

In general, viral abundances are an order of magnitude higher than the 107 

abundances of microbial cells in marine environments (Wilhem, Suttle 1999; Breitbart, 108 

Salamon et al. 2002). Reported viral to microbial ratios (VMR) for productive surface 109 

oceanic waters range from 3 to 50, with rare exceptions where ratios reach below one in 110 

estuaries and above 100 in the North Atlantic (Table 1) (Hara et al., 1996; Wommack and 111 

Colwell, 2000a; Weinbauer et al., 2003; Clasen et al., 2008; Parada et al., 2008). A recent 112 

survey conducted over 10 years in the top 300 m of the Sargasso Sea found that the VMR 113 

remained within a narrow range of 3 to 20 (Parsons et al., 2011). Atlantic waters show 114 

increased VMR values at deep depths, (Hara et al., 1996). Stratified bodies of water with 115 

reduced oxygen concentrations, such as the Cariaco Basin, have recorded a mean VMR 116 

of 31 within the anoxic layer (Taylor et al., 2003). In the mesopelagic waters of the 117 A
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Mediterranean, which show low oxygen concentrations, VMR values ranged between 2.5 118 

to 8.1 (Danovaro et al., 2002), and in near sediment anoxic waters of Chesapeake Bay 119 

VMR values ranged from 0.6 to 47 (Wommack et al., 1992; Winget et al., 2011). Whether 120 

viral predation and the viral shunt are important processes within ETSP OMZs remain 121 

unknown. 122 

In addition to being important microbial predators, viruses carry a range of 123 

metabolic genes that affect host function and are exchanged with  hosts during horizontal 124 

gene transfer (Edwards and Rohwer, 2005; Rohwer et al., 2009; Rohwer and Thurber, 125 

2009; Sharon et al., 2009; Sharon et al., 2011). The types of metabolic genes carried by 126 

viruses have been investigated in the surface waters of temperate and tropical 127 

environments (Breitbart et al., 2002; Angly et al., 2006; Dinsdale et al., 2008b), but not in 128 

the viral communities associated with OMZs. 129 

Here we explore the viral communities of three layers of the Eastern Tropical 130 

South Pacific (ETSP) OMZ: the surface with normal oxygen concentrations, the oxycline 131 

region with rapidly declining oxygen concentrations and the anoxic core, the essentially 132 

anoxic region. Six viral metagenomes collected in 2008 describe the diversity, taxonomy 133 

and metabolic potential of the viruses associated with the three water layers in the 134 

permanent OMZ off the coast of Iquique, Chile, which is a part of the ETSP OMZ. 135 

Abundance estimates of viruses and microbes were conducted over three years (2008-136 

2010). Our results indicate that the low oxygen conditions associated with the ETSP 137 

OMZ are correlated with changes in viral community ecology. Suggestions for future 138 

investigations of viral communities associated with OMZs are proposed. 139 

 140 A
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Results 141 

Overview and summary 142 

To explore viral diversity and function across the oxygen gradient of the ETSP 143 

OMZ, we combine three years of viral and microbial abundance with metagenomic 144 

analysis. Various strategies are used to describe virome features without reliance on 145 

database homology, including reciprocal BLASTn, cross-contig analysis with 146 

multidimensional scaling to visualize the distribution of genotypes across depth and 147 

CRISPR analysis to identify potential hosts. The ecological parameters alpha diversity 148 

and richness are calculated with database-independent technique PHACCs. Last, the 149 

taxonomic makeup and metabolic potential of the viromes is provided, with the caveat 150 

that only 3.5 % of the sequences from the oxycline and anoxic core showed similarity to 151 

databases. 152 

The ETSP OMZ off Iquique, Chile is characterized by three major layers of water 153 

that vary in oxygen concentration, salinity, temperature and nitrous oxide and nitrate 154 

concentration (Farias et al., 2007; Whitmire et al., 2009). The surface water is well 155 

oxygenated with an oxygen concentration of 275 µM. A drop in oxygen concentration at 156 

50 to 70 m marks the start of the oxycline with further decreases in oxygen concentration 157 

from 12 µM at the OMZ boundary (at ~100 m) to ultra-low oxygen concentrations of less 158 

than 13 nM at the essentially anoxic core (at 200 m) (Revsbech et al., 2009). Estimates of 159 

viral and microbial abundances were conducted at inshore and offshore locations within 160 

the surface, oxycline and anoxic core waters (Figure 1).  161 

In 2008, viral and microbial abundances were estimated for six different depths: 162 

10, 90 and 200 m at the inshore site, and 55, 90 and 200 m at the offshore site. The 163 A
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unusually low VMR from the 2008 abundance estimates prompted detailed collection 164 

during the 2009 and 2010 cruises from surface water down to 500 m depth at 165 

approximately 20 m intervals at the inshore and offshore locations. The 2008 and 2009 166 

cruises were conducted in the austral winter, while the 2010 cruise occurred in the austral 167 

summer. Six viral metagenomes, or viromes, were collected in 2008 (Figure 1) from the 168 

surface water (inshore 10 m), the oxycline (offshore 55 m and 90 m, inshore 90 m), and 169 

the anoxic core (offshore and inshore 200 m).  170 

Viral and microbial abundances varied with oxygen concentration 171 

Viruses are a major predator of microbes and the ratio of viruses to microbes 172 

(VMR) is one descriptor of predatory pressure. To estimate VMR in the ETSP OMZ, the 173 

abundances of viruses and microbes were determined over three years using 174 

epifluorescence microscopy (Figure 2). The viral and microbial abundances were 175 

significantly different between the surface, oxycline, anoxic core and deep water layers in 176 

2009 and 2010 (viral abundance 2009: Fdf=3 = 33.071, P <0.001, microbial abundance 177 

2009: Fdf=3 = 17.376, P <0.001; viral abundance 2010: Fdf=3 = 43.807, P < 0.001, 178 

microbial abundance 2010: Fdf=3 = 76.131, P < 0.001) (NB 2008 viral and microbial 179 

abundances were not subject to significance tests because of the low number of sampling 180 

depths). In 2008, subsurface dips in viral and microbial abundances occurred at the 181 

inshore and offshore locations. In 2009, subsurface peaks in viral and microbial 182 

abundance were identified at the inshore and offshore locations at the lower edge of the 183 

oxycline region (Figure 2). In 2009, viral abundances in the anoxic core dropped below 184 

microbial numbers at 200 m and 310 m (Figure 2). In 2010, the abundances of viruses 185 

were 10-fold higher at all depths compared with previous years; microbial abundances 186 A
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increased 2-fold at the surface, 5-fold in the oxycline and 4-fold in the anoxic core 187 

(Figure 2).  188 

The average viral to microbial ratio (VMR) was lower in all water layers of the 189 

ETSP compared with VMR ranges from all other marine regions (Table 1 and Table 2) 190 

except for the shallow anoxic water of Chesapeake Bay, which on occasions has low 191 

VMR (Wommack et al. 1992). In 2008, ETSP OMZ VMR averaged 1.59 at the surface, 192 

2.86 at the oxycline and 1.45 in the anoxic core. In 2009, the VMR averaged 3.47 in the 193 

surface, 2.31 at the oxycline and 2.17 at the anoxic core. In 2010, the average VMR 194 

increased compared to 2009, with 5.07 at surface waters, 6.20 at the oxycline and 4.14 at 195 

the anoxic core (Table 2, Figure 3). The VMR was significantly different between the 196 

water layers in 2009 and 2010 (VMR 2009, Fdf=3 = 8.761, P <0.001; VMR 2010, Fdf=3 = 197 

5.409, P < 0.001). In 2010, deep waters (480 to 500 m) showed a higher VMR of 6.67 198 

compared with the waters above. The variation in VMR over depth suggests that the 199 

influence of the viral community on the microbes and/or vice versa is related to oxygen 200 

concentration.  201 

ETSP OMZ viruses are novel  202 

To investigate ETSP OMZ viromes, sequence similarity to database sequences, 203 

using BLASTx comparisons, were conducted against the SEED non-redundant database 204 

using the MG-RAST platform (E-value = 10
-03

). Viromes from the surface water (10 m) 205 

showed 8.8 % similarity to database sequences, while an average of 1.5 % of sequences 206 

from the oxycline (55 and 90 m) and 2.5 % of the sequences from the anoxic core (200 207 

m) were similar to database sequences (Table 3). Because of the low similarity of the 208 

ETSP OMZ virome sequences to database sequences, viromes were directly compared to 209 A
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available marine viromes using reciprocal BLASTn (E-value = 10
-03

). Viromes used for 210 

comparison were collected from the waters of the Sargasso Sea, Gulf of Mexico (Angly 211 

et al., 2006), Kingman Reef (Dinsdale et al., 2008a) and Chesapeake Bay (Bench et al., 212 

2007). In addition, ETSP OMZ viromes were compared to the meta-genome of SUP05, a 213 

chemoautotrophic bacterium, which was obtained from the seasonally anoxic fjord 214 

Saanich Inlet, British Columbia (Walsh et al., 2009) and similar microbe were also found 215 

to be present in the ESTP (Stewart et al., 2012). Reciprocal BLASTn analysis showed 216 

that the surface water virome was similar to other marine viromes with an average of 5.5 217 

% similarity between viromes. In contrast, the oxycline and anoxic core viromes had an 218 

average of 1.9 % similarity to four ocean viromes described above (Table 4). In 219 

comparison, the four ocean viromes used in the analysis showed an average of 11.9 % 220 

similarity to each other (Table 4). The Chesapeake Bay virome (Bench, Hanson et al. 221 

2007) includes samples from a low oxygen marine environment, though not an OMZ, and 222 

showed little similarity to the viruses in our study. The low similarity between the ETSP 223 

OMZ virome sequences with databases and other viromes suggests that the viruses from 224 

the ETSP OMZ are novel.  225 

Comparison with ETSP OMZ microbiomes did not identify viral hosts  226 

 To investigate overlap of the ETSP OMZ viromes with the ETSP OMZ 227 

microbiomes, a reciprocal BLASTn (E-value = 10
-03

) of each virome against each 228 

microbiome was conducted. Only the surface virome (10 m) showed similarity to the 229 

microbiomes with the highest percent similarity to the microbes from 15 m (6.427 %) and 230 

similarities declining with depth (Table 5A and 5B). The viromes from the oxycline and 231 

anoxic core showed less than 1 % similarity to any OMZ microbiome.  232 A
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 To identify potential hosts among the microbiomes, a Clustered Regularly 233 

Interspaced Short Palindromic Repeats (CRISPR) analysis was conducted. CRISPRs and 234 

spacer regions adjacent to CRISPRs were found in the ETSP OMZ microbiomes. Spacer 235 

regions from the microbiome are of viral origin and will show similarity to sequences in 236 

the virome if the phage-host pair has been sequenced. CRISPRs and spacer regions were 237 

found in the 85 m and 200 m microbiome (Supplementary Table 1a and 1b). A CRISPR 238 

was identified in the inshore 10 m virome (Supplementary Table 1a), which was 239 

unexpected as CRISPRs are usually only found in the microbial community. The viral 240 

CRISPR sequence was shorter than those from the microbiomes and had distinctive 241 

spacer regions. No spacer regions from the microbial metagenomes were found in the 242 

viromes. Therefore, no viral-host pairs were identified by CRISPR analysis.  243 

Redox-driven dominance shift between phages and eukaryotic viruses 244 

To investigate the types of viruses present across different depths and oxygen 245 

concentrations of the ETSP OMZ, a taxonomic comparison of viromes was conducted by 246 

BLASTx. Similarity (average 3.2 % for all metagenomes) to the SEED non-redundant 247 

database (E-value = 10
-3

) was investigated for the viral domain at the family level. 248 

Viromes were dominated by sequences similar to phages at the surface, eukaryotic 249 

viruses in the oxycline and phages in the anoxic core (Figure 4). Distribution of phages 250 

varied with 84.5 % of the surface virome similar to phage, a percentage which dropped to 251 

5.7 % in the 55 m virome, increased to 37.5 % in the 90 m virome and increased again to 252 

77.8 % in the anoxic core. The phage community was dominated by sequences similar to 253 

Myophage in the surface water virome (60 % of the identifiable sequences). Identifiable 254 

sequences similar to phages were lower in abundance in the oxycline with an average of 255 A
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26.9 % (Figure 4). A more even distribution of sequences similar to Myophage, 256 

Podophage and Siphophage was shown within the anoxic core. Sequences similar to 257 

Eukaryotic viruses from the oxycline were dominated by Circoviruses, Nanovirus, and 258 

Entomopoxvirinae. Other eukaryotic viral sequences present in lower abundances in the 259 

oxycline included Chlorovirus, Babuvirus, Mimivirus, and Chordopoxvirinae (Figure 4).  260 

In addition to the broad family differences between surface, oxycline and anoxic 261 

core viruses, viromes showed differences at the species level as determined by tBLASTx 262 

comparisons (E-value = 10
-3

) with the 849 phage genomes on Phantome (7-01-2012 263 

release). The abundance of the top 15 viral species varied throughout the ETSP OMZ 264 

water column (Figure 5), with most differences occurring between site 3 10m and site 5 265 

55m and 90 m. Myophage sequences from the surface waters were represented by 266 

Prochlorococcus and Synechococcus phage. The virome in the oxycline had similarity to 267 

phage that infect heterotrophic bacteria, such as P1-like viruses Enterobacteria phage P7, 268 

Mycophage and Siphoviridae Pseudomonas phage M6. The sequences within the anoxic 269 

core showed similarity to Prochlorococcus and Synechococcus (Figure 5). A comparison 270 

of the sequences to selected genomes including Cyanophage P-SSM2 shows viral 271 

sequences distributed across the entire genome at 10 m and to more conserved regions at 272 

90 and 200 m (Supplementary Figure 1). The taxonomic structure of viral communities in 273 

the ETSP OMZ varied along the oxygen gradient consistent with host redox-driven niche 274 

partitioning. 275 

Genotypic distinction with different oxygen concentrations 276 

 Oxygen concentration appears to effect on the viral taxa present at each depth. 277 

However, the observed patterns may be driven by the low similarities of the ETSP OMZ 278 A
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viromes to public databases. To establish whether predicted genotypes showed overlap 279 

between viromes, a Monte Carlo analysis of the cross-contig spectra was performed. The 280 

distribution, or spectrum of contigs assembled from two viromes (called cross-contigs) is 281 

described using the frequency of cross-contigs constructed from paired viromes. If paired 282 

viromes have similar genotypes with the same abundance, the number of sequences 283 

contributed from each virome to the cross-contigs will be similar. If paired viromes have 284 

similar genotypes in difference abundances, the number of sequences contributed from 285 

each virome to cross-contigs will vary. If paired viromes have different genotypes, few 286 

cross-contigs will be constructed. The cross-contig analysis is a pairwise analysis; thus, a 287 

total of 36 cross-contig spectrums were constructed. The proportion of genotypes shared 288 

between viromes was identified and visualized using multidimensional scaling (MDS).  289 

The MDS plot (Figure 6) of the proportion of shared genotype shows separation 290 

of ETSP OMZ viromes into four distinct groups. The distinct surface virome shared an 291 

approximate 20 % of predicted genotypes with oxycline viromes and less than 10 % with 292 

anoxic core viromes. The three oxycline viromes clustered together, sharing an 293 

approximate 70 % of predicted genotypes, and were distinct from surface and anoxic core 294 

viromes. The anoxic core viromes were distinct from all other ETSP OMZ viromes. The 295 

cross-contig analysis suggested that viral genomic exchange with hosts was niche-296 

specific.  297 

Metabolic potential varied with oxygen concentration  298 

 Viruses carry genes involved in viral replication and host metabolism (Sharon et 299 

al., 2011). To identify the genes carried by ETSP OMZ viruses, a BLASTx comparison 300 

(e-value cutoff 10
-03

) against subsystems on MG-RAST of each virome was conducted. 301 A
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Subsystems over-represented in three or more pairwise comparisons of viromes were 302 

identified using the statistical program XIPE (Figure 7). Since metabolic profiles were 303 

estimated from the average 3.2 % of ETSP OMZ virome sequences that were similar to 304 

database sequences, a coarse-grained approach was conducted.  305 

The surface water virome showed an over-representation of functions related to 306 

amino acid metabolism, membrane transport, nucleoside and nucleotide metabolism, 307 

photosynthesis and regulation and cell signaling (Figure 7). The inshore oxycline virome 308 

showed over-representation of regulation in cell signaling, DNA metabolism, nucleoside 309 

and nucleotide metabolism, regulation and cell signaling and RNA metabolism 310 

subsystems. Offshore oxycline viromes (55 and 90 m) had over-representation in 311 

functions similar to cell wall and capsule metabolism, RNA metabolism, and virulence 312 

(Figure 7). The anoxic core viromes showed over-representation of amino acid 313 

metabolism, carbohydrate metabolism, cell wall and capsule, membrane transport, and 314 

motility and chemotaxis subsystems (Figure 7). The subsystems with abundant 315 

sequences, for example carbohydrate metabolism, were further investigated for 316 

subsystems that were shared between all viromes and these, including central 317 

carbohydrate metabolism, di- and oligosaccharides, monosaccharaides, one carbon 318 

metabolism, and sugar utilization. Within the amino acids and derivatives, branched- 319 

chain amino acids and glutamine assimilation, and lysine, threonine, methionine and 320 

cysteine subsystems were shared (Supplementary Table 2).  .  321 

Sulfur and nitrogen metabolism in the ETSP OMZ 322 

Nitrogen and sulfur metabolism are important processes in OMZ microbes; thus, 323 

nitrogen and sulfur pathways were investigated in more detail for the ETSP OMZ 324 A
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viromes. At the surface, the viromes had similarity to genes involved in ammonia 325 

assimilation. In the oxycline, viromes had similarity to genes involved in nitric oxide 326 

synthase, nitrate and nitrite ammonification and ammonia assimilation. Ammonia 327 

assimilation, denitrification and nitrate and nitrite ammonification functions were 328 

represented in the anoxic core (Supplementary Table 2). Sulfur metabolism was 329 

represented in six different pathways for the surface virome. In the oxycline viromes, 330 

only sequences similar to inorganic sulfur assimilation were present. In the anoxic core 331 

viromes, sequences similar to sulfate reduction complexes, thioredoxin-disulfide 332 

reductase and inorganic sulfur assimilation were present (Supplementary Table 3). 333 

Despite the low similarity of OMZ virome sequences to sequences in the subsystems, 334 

nitrogen and sulfur subsystem pathways showed changes in representation in OMZ 335 

viromes consistent with redox-driven changes in the water column. 336 

Low Species Diversity and Richness  337 

Diversity and richness are important ecological parameters of communities. To 338 

describe alpha-diversity and richness of the ETSP OMZ viral communities, the database 339 

independent program PHACCS was used. For all metagenomes, a Power rank abundance 340 

model was the most efficient. Viruses from the ETSP OMZ showed lower alpha diversity 341 

and richness than viruses from other oceanic regions. Viral Shannon diversity was low in 342 

the surface (H’ = 5.58 nats), was lower within the oxycline (average H’ = 4.0 nats) and 343 

was higher within the anoxic core (average H’ = 5.45 nats) (Table 6). In comparison, viral 344 

diversity estimated for other surface marine regions averages H’ = 8.29 nats. The highest 345 

numbers of estimated genotypes were observed for the ETSP OMZ surface waters (mean 346 

2040 genotypes) and at the offshore location within the anoxic core (mean 1752 347 A
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genotypes). For the remaining viromes, estimations ranged from 98 to 429 genotypes. All 348 

estimates of ETSP OMZ viral genotypes are far lower than estimates from other marine 349 

viromes used in the comparison (mean 9874 genotypes). 350 

In summary, viral community characteristics of the ETSP OMZ waters off 351 

Iquique, Chile changed across depth and oxygen concentration. The viruses were novel, 352 

low in alpha diversity and distinct within each water layer. VMR showed unusual 353 

fluctuation across depths. Last, genotypic sharing between the surface, oxycline and 354 

anoxic core is low, which indicates the presence of unique viral communities at each 355 

depth.  356 

Discussion 357 

Viral community characteristics were distinct in each of the water layers 358 

associated with the ETSP OMZ adjacent to Iquique, Chile. Viral characteristics of the 359 

surface water were typical of other ocean surface water viromes, yielding an average 360 

VMR of 4.98 and viromes that were dominated by Myophage; however, ETSP OMZ 361 

surface viromes additionally had lower alpha diversity. The oxycline viral communities 362 

had fluctuating VMR, viromes dominated by sequences similar to Eukaryotic viruses, 363 

high novelty of sequences and low alpha diversity. The anoxic core viral communities 364 

had low VMR, viromes dominated by phage, high novelty of sequences and a range of 365 

alpha diversity.  366 

Viral and microbial abundances fluctuated in the ETSP OMZ 367 

In surveys of near-shore marine waters, viral abundances are higher in oxygenated 368 

surface waters and generally decline below the euphotic zone until just above the ocean 369 

floor where their numbers increase (Wommack and Colwell, 2000b; Hewson and 370 A
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Fuhrman, 2007; Payet and Suttle, 2008). A recent survey of viral abundances over a 10-371 

year period in the Sargasso Sea identified seasonal sub-surface peaks in abundances 372 

between 60 to 100 m (Parsons et al., 2011). Subsurface peaks in viral abundances have 373 

been observed at the bottom of the euphotic zone in the North Pacific (Hara et al., 1996), 374 

Adriatic Sea (Weinbauer et al., 1995) and Norwegian lakes (Tuomi et al., 1997). The 375 

ETSP OMZ oxycline showed subsurface peaks in 2009 and in the offshore site in 2010. 376 

However, in 2008 and at the inshore site in 2010, subsurface minima in viral abundance 377 

occurred. At some depths in the ETSP OMZ anoxic core, viral abundance dropped 378 

rapidly and in other depths increased to near surface abundances. Viral abundances in the 379 

Cariaco Basin have shown similar variations (Taylor et al., 2003), suggesting that viral 380 

populations are variable under anoxic conditions. Variation in OMZ microbial and viral 381 

abundance was not considered to be an artifact of the sampling procedure because of a 382 

high number of replicates, low standard errors, and because the variation was observed 383 

over three years. In addition, the methods used in the OMZ survey were identical to those 384 

used in numerous studies of the marine environment (Breitbart et al., 2004; Wegley et al., 385 

2006; Dinsdale et al., 2008a).  386 

 387 

Unexpected VMR in the ETSP OMZ 388 

VMR ranging from 4 to 10 are commonly reported in the ocean (Weinbauer et al., 389 

1995; Clasen et al., 2008; Parsons et al., 2011). The high upwelling activity off Iquique, 390 

Chile creates a nutrient rich environment high in microbial growth and productivity 391 

(Canfield et al., 2010). However, VMR in the ETSP OMZ surface waters, which 392 

averaged 4.98 over the three year period, are in the lower range of VMR reported for 393 A
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marine environments using similar methods (Table 1 and 2). VMR in other high nutrient 394 

environments are high (Wommack and Colwell, 2000a); therefore, the highest VMR of 395 

the ETSP OMZ, recorded in the surface water, was low in comparison with other 396 

productive environments.  397 

Within the ETSP oxycline, VMR showed peaks, suggesting viral induction events. 398 

Similar induction events occurred in the oxycline of the Cariaco Basin (Taylor et al., 399 

2003). Combining the viral abundance (Figure 2) with the taxonomic data from the 400 

virome analysis (Figure 4) and reciprocal BLASTn matches between the viromes and 401 

microbiomes (Table 5) suggests that subsurface abundance peaks were associated with 402 

shedding of eukaryotic viruses. Viruses infect phytoplankton, then lyse the cell and cause 403 

shedding of secondary live viral particles (Rhodes et al., 2008). The lack of similarity 404 

between the viromes and microbiomes from the oxycline, however, suggests the viral 405 

host was not present in the microbiome analyzed by Stewart et al (2012), but high 406 

numbers of picoeukaryotes were identified in oxycline of the ETSP OMZ (Bryant et al., 407 

2012). High viral shedding could be related to high host numbers associated with the high 408 

nutrient availability.  409 

Within the anoxic core, the fluctuations in VMR became more pronounced, and at 410 

several depths dropped below one. Low VMR values appeared to be driven by a higher 411 

than normal abundance of microbes compared to viruses. For example, in 2009, ETSP 412 

OMZ microbial numbers reached 1.3 x10
9
 cells L

-1
, which is an order of magnitude larger 413 

than microbial abundances in the Sargasso Sea (mean 3.6 x10
8
 cells per L

-1
) (Parsons et 414 

al., 2011). In 2010, the ETSP OMZ microbial abundance reached a mean of 10
10

 cell L
-1

, 415 

which is higher than all observations (mean 9.3 x 10
8
 cells per L

-1
, pers. comm. Mya 416 A
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Breitbart) from the 10-year Sargasso Sea survey (Parsons et al., 2011). VMR below one 417 

have been recorded on two occasions in locations near low oxygen areas associated with 418 

hydrothermal vents; however, there was some question as to the methods used (Ortmann 419 

and Suttle, 2005). Low VMR were identified on a few occasions in the Cariaco Basin 420 

(Taylor et al., 2003) but in general, the VMR in the Cariaco Basin anoxic core (VMR = 421 

31) was higher than the Cariaco Basin oxycline (VMR = 3) and Cariaco Basin surface 422 

water (VMR = 16). The near sediment water in Chesapeake Bay has shown low VMR, on 423 

occasion varying from 0.6 to 47 (Wommack et al., 1992; Winget et al., 2011). VMR is 424 

regularly found to be high even in the anoxic layers of stratified freshwater systems 425 

(Clasen et al., 2008) and within suboxic and anoxic waters of the Baltic Sea (VMR = 5 - 426 

11) (Ram et al., 2009; De Corte et al., 2010); therefore, cases of low VMR appear to be 427 

anomalies. Low and fluctuating VMR suggests an atypical relationship between viral and 428 

microbial communities of the ETSP OMZ.  429 

The variation of ETSP OMZ VMR values across depths suggests that viral to 430 

microbial relationships differ between the oxygenated and anoxic waters. Factors that 431 

influence the viral-host relationship include host density and burst size. Low burst size 432 

results when host density falls below that required for phage transmission to new host 433 

(Stewart and Levin, 1984). For instance, low microbial host availability resulted in 434 

decreased viral production in deeper anoxic lakes of Northern Europe (Ram et al., 2005). 435 

The higher VMR observed in the 2010 ETSP OMZ coincided with higher microbial 436 

abundances, supporting the low burst size hypothesis. In addition, low microbial 437 

abundances have been correlated with a greater frequency of lysogeny in deeper low 438 

oxygen marine waters (Ram et al., 2005; Corinaldesi et al., 2007; Magagnini et al., 2007). 439 A
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A higher abundance of lysogeny-associated domains were identified in marine-vent 440 

viromes compared with surface water viromes, leading to the hypothesis of higher levels 441 

of lysogeny in extreme environments (Anderson et al., 2011b; Maurice et al., 2011) and a 442 

similar switch in lifestyle may occur the anoxic core of the ETSP OMZ. A higher 443 

abundance of Siphophage sequences (phages that tend toward lysogeny) (Breitbart et al., 444 

2007) were found in the ETSP OMZ anoxic cores, a finding that supports the lysogeny 445 

hypothesis.  446 

Other factors that may affect VMR values include frequency of infected cells, 447 

host diversity, UV radiation and viral decay rates (Weinbauer et al., 1997; Wilhelm et al., 448 

2002). Because of the 200 m water depth of the anoxic core, UV degradation of viruses is 449 

not a likely factor affecting VMR in the ETSP OMZ. Viral decay rates are virtually 450 

unstudied in anoxic marine systems (Taylor et al., 2003) although one study in anoxic 451 

sediments found high viral decay rates (Corinaldesi et al., 2007) which supports our 452 

results. Measurement of viral decay and frequencies of infected cells would contribute 453 

important results to future studies of viral OMZ communities.  454 

ETSP OMZ viruses are novel 455 

In addition to the fluctuating VMR within the low oxygen concentrations, the 456 

viruses in the ETSP OMZ had low similarity to other marine viromes, the ETSP OMZ 457 

microbiomes, and an anoxic bacterial genome. Viruses of the marine environment have 458 

received extensive genomic research (Angly et al., 2006; Hewson and Fuhrman, 2006; 459 

Hewson et al., 2006; Breitbart et al., 2007; Dinsdale et al., 2008b), and provide a large 460 

volume of data for comparison with the ETSP OMZ viromes. In the oxycline and the 461 

anoxic core, however, less than 2 % of the total sequences had similarity to genomes or 462 A
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metagenomes from other oceanic regions. In comparison, the ETSP OMZ surface water 463 

virome shared an average 5.5 % of sequences with other marine viromes. ETSP OMZ 464 

viromes also showed low similarity to ETSP OMZ microbiomes collected during the 465 

same sampling trip, with the highest similarity of 6.42 % between the surface water 466 

virome and microbiome and 1.0 % between oxycline and anoxic core viromes to any 467 

microbiome. While the ETSP OMZ microbiome (Stewart et al., 2012) identified 468 

similarity to SUP05 from Saanich Inlet (Walsh et al., 2009), the ETSP OMZ viromes 469 

showed low similarity to this recently identified anoxic bacteria. The SUP05-like bacteria 470 

in the ETSP OMZ may be infected by different phages compared with the one from 471 

Saanich Inlet. Sequences from a 200 m virome in Monterey Bay California, USA showed 472 

26 % similarity to databases (Steward and Preston, 2011), suggesting that depth is not a 473 

major factor of the novelty of ETSP OMZ viruses from the anoxic core (200 m). The 474 

viruses within the ETSP OMZ anoxic core might be novel because of the low availability 475 

of anoxic marine viromes for comparison; however, when we compared them to the only 476 

other low oxygen marine viruses described to date, the Chesapeake Bay virome (Bench et 477 

al., 2007), no similarity was found. The novelty is not a function of read length 478 

(Wommack et al., 2008), as the surface virome from the ETSP OMZ was prepared using 479 

the same technology and showed 8.7 % sequence similarity. Further, marine viromes with 480 

short reads collected from the Northern Line Islands and around North America (Angly et 481 

al., 2006; Dinsdale et al., 2008a), had higher sequence similarity to sequences in the 482 

databases compared with the ETSP OMZ.  483 

In the ETSP OMZ oxycline, sequences that showed similarity to the database 484 

suggested that the hosts were Eukaryotes and therefore were not present in the 485 A
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microbiomes. Within the ETSP OMZ anoxic core, viral abundances were low and 486 

viromes contained phage genes shared throughout the water column. The sharing of 487 

genes between ETSP OMZ viromes suggest that ETSP OMZ viruses are remnants of old 488 

lytic bursts or alternatively, that low host specificity is a trait used by the viruses in 489 

anoxic conditions. We hypothesize that the viruses tend towards lysogeny in the anoxic 490 

core regardless of season consistent with considering the ETSP OMZ as an extreme 491 

environment. Consistent with this hypothesis, the number of inducible lysogenes was 492 

found to decrease with increasing bacterial metabolism in lagoons and reservoirs 493 

(Maurice et al., 2011). Last, the microbes of the anoxic core may have been particle 494 

associated and not been sampled because of the pre-filtering steps.  495 

Vertical distinction of ETSP OMZ genotypes with oxygen concentration 496 

A global distribution of viruses is suggested because of the identification of 497 

similar phages in widely distributed environments, including phages from soils and 498 

sediments that can infect bacteria from marine water (Breitbart et al., 2004; Sano et al., 499 

2004). An assessment of four ocean viromes showed that some phages are cosmopolitan 500 

but that there is horizontal distinction of phage taxonomy between each region (Angly et 501 

al., 2006). Angly et al (2006) identified a relationship between genomic and horizontal 502 

distance, i.e. that viruses found closer together in location were closer in genotype. The 503 

viruses from the ETSP OMZ do not fit this pattern; the genotypes from the two 90 m 504 

samples, for example, were collected approximately 50 km apart and yet were more 505 

similar to each other than those either 80 m above them in surface water or 110 m below 506 

in the anoxic core. Therefore, the ETSP OMZ viromes displayed vertical rather than 507 

horizontal partitioning.  508 A
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The cross-contig analysis conducted by Angly et al (2006) showed that viruses are 509 

widespread although the relative abundance of viruses may change depending on 510 

environmental conditions. Less adapted species are not lost to the system but instead 511 

remain present at low numbers, which supports a theory of viral distribution where 512 

“everything is everywhere” (de Wit and Bouvier, 2006). In the ETSP OMZ, the vertically 513 

distinct distributions of viral communities suggest that the different oxygen 514 

concentrations represent selective microenvironments. The lack of genotypic sharing 515 

between the viruses from different oxygen concentrations associated with the ETSP OMZ 516 

indicates that the viruses are not passively moving throughout the water column. The lack 517 

of vertical mobility of the ETSP OMZ viruses suggests a potential barrier to vertical 518 

movement related to variable oxygen conditions. A lack of vertical movement in anoxic 519 

conditions has been suggested (Taylor et al., 2003) because of the lack of particles found 520 

in sediment traps deployed to capture downward migrating particles in the anoxic Cariaco 521 

Basin. The lack of genomic similarity between ETSP OMZ viromes is unlikely to be a 522 

function of low community coverage, as these viromes showed low species richness 523 

despite being approximately twice the size (average 82,352,250 bp) of the four viromes 524 

from the marine virome survey of Angly et al (2006) (average 44,207,425 bp). 525 

Viral taxonomy varies with depth while microbial taxonomy is more conserved 526 

The partitioning of estimated viral genotypes with depth in the ETSP OMZ found 527 

from reciprocal BLASTn between viromes was supported by the taxonomic analysis even 528 

though the proportion of sequences similar to the SEED nr database was low. At the 529 

family level, phage sequences were dominant at the surface, were replaced by eukaryotic 530 

viral sequences in the oxycline, and were replaced by different phage families in the 531 A
cc

ep
te

d 
A

rti
cl

e



24 

© 2012 Society for Applied Microbiology and Blackwell Publishing Ltd 

anoxic core (Figure 4). In contrast, the ETSP OMZ microbial (Bacteria and Archaea) 532 

communities, with an average 60 % similarity to the SEED non-redundant database 533 

sequences, and have a more conserved taxonomic distribution at the class level with 534 

depth (Stewart et al., 2012). The microbial community at the ETSP OMZ surface 535 

consisted of approximately 20 % α-Proteobacteria, 30 % γ-Proteobacteria and 50 % 536 

Bacteriodetes sequences. Sequences similar to α-Proteobacteria and γ-Proteobacteria 537 

remained at near surface abundances throughout the water column to 500 m. However, 538 

sequences similar to Bacteriodetes were replaced by a different range of Bacterial and 539 

Archeal classes (Stevens and Ulloa, 2008; Belmar et al., 2011).  540 

Vertical partitioning of ETSP viromes was partially supported at the species level 541 

from best tBLASTx similarity with viral genomes due to the low coverage. Of the 15 542 

most abundant viral species in the 10 m virome, three species (Prochlorococcus phage P-543 

SSM2, Synechococcus phage S-RSM4, and Synechococcus phage S-SM2) were shared 544 

with the offshore 55 m virome and four species (Prochlorococcus phage P-SSM2, 545 

Synechococcus phage S-SM2, Prochlorococcus phage P-SSM7, and Synechococcus 546 

phage S-SSM7) with the offshore 90 m virome (Figure 5). In comparison, of the 15 most 547 

abundant microbial species at 40 m, nine were represented at 200 m and some of the most 548 

abundant surface species remained dominant down the water column (Stewart et al., 549 

2012). However, of the 15 most abundant viral species in the 10 m virome, 12 species 550 

were shared with the inshore 90 m virome, 14 species with the inshore 200m virome, 2 551 

species were shared with the offshore 55 m virome, 4 species with the offshore 90 m and 552 

11 with the offshore 200 m virome. The tBLASTx comparisons support the conclusion 553 

that the ETSP OMZ viruses are novel; the most abundant matches to virus species in each 554 A
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virome reflect similarities between parts of genes rather than whole genome matches. The 555 

partitioning in viral taxa with oxygen concentrations was reflected in the cross-contig 556 

(Figure 6) and bidirectional BLASTn analyses (Table 4, Table 5), neither of which are 557 

dependent upon database similarity.  558 

Metabolic potential of ETSP viromes and microbiomes 559 

Metabolic potential of the ETSP OMZ viromes was investigated at a broad level 560 

due to low sequence similarity from database comparisons. Because of the close genetic 561 

relationship between viruses and hosts, we expected to find more similarity between the 562 

microbiome and viromes than results showed. We expect that the large percentage of 563 

predicted but unidentified proteins found in the viromes, when identified, will consist of 564 

genes involved in OMZ-specific nitrogen and sulfur metabolism pathways, such as the 565 

cryptic sulfur cycle (Canfield et al., 2010) and anommox (Thamdrup et al., 2006) 566 

pathways.  567 

The surface water virome showed over-representation in subsystems involved 568 

with photosystem II, DNA metabolism, nucleotide biosynthesis, regulation and cell 569 

signaling and the degradation of amino acids (Figure 7). Photosystem genes in particular 570 

are known to be carried by viruses for lytic phage replication during infection of 571 

microbial hosts (Lindell et al., 2007; Sharon et al., 2009; Avrani et al., 2011; Sharon et al., 572 

2011). Over-representation of nitrogen metabolism genes associated with ammonia 573 

assimilation and nitrate and nitrite ammonification suggest involvement of viral 574 

communities in nitrogen recycling within the oxycline (Figure 7, Supplementary Table 2). 575 

The offshore oxycline virome had sequences similar to prophages and modification of 576 

rRNA in eukaryotes, supporting the inference that viruses from the oxycline may infect 577 A
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eukaryotic organisms.  Several sequences similar to sulfur-reducing pathways identified 578 

in ETSP OMZ bacteria (Stewart, Ulloa et al. 2012) were identified within the ESTP OMZ 579 

viromes. The surface water virome had sequences similar inorganic sulfur metabolism 580 

and dimethylsulfoniopropionate (DMSP) degradation genes, which are common in photic 581 

surface waters. The sulfur metabolism genes indicate the presence of sulfur-reducing 582 

microbes that produce methane-thiol (MeSH) for assimilation into sulfur amino acids. 583 

Few sulfur-related sequences were identified in the oxycline viromes although several 584 

sulfur pathways were identified in the anoxic core viromes. In the anoxic core viromes, 585 

sulfate reduction complexes, thioredoxin-disulfide reductase, and inorganic sulfur 586 

assimilation genes reveal a potential of phages from the anoxic core to infect sulfur-587 

reducing bacteria.  Subsystems with representation in all six OMZ viromes included 588 

virulence, protein, phosphorus, phage related, nucleoside/nucleotide, nitrogen, 589 

membrane, fatty acid, DNA, cofactor etc., cell wall and capsule, carbohydrate, and amino 590 

acid metabolism (Supplementary Table 2). The conserved subsystems suggest that the 591 

OMZ environment in particular selects for modification of phage DNA metabolism and 592 

carbohydrate metabolism genes. 593 

Low diversity and species richness of the ETSP OMZ viromes 594 

The viromes from the ETSP OMZ off Iquique have the lowest diversity of marine viral 595 

communities recorded to date. The Shannon diversity of the ETSP OMZ surface was 5.58 596 

nats and the species richness was 2040 genotypes, which are on average 2.7 nats and 597 

thousands of species lower than comparable viral communities from coastal surface 598 

waters around the North American continent (Table 6) (Angly et al., 2006; McDaniel et 599 

al., 2008) and hydrothermal vents (Anderson et al., 2011a). Viral diversity declined 600 A
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further in the oxycline to a mean 4.04 nats and 99 genotypes. It is worth noting that the 601 

diversity estimates are database independent and are not biased by the genomic novelty 602 

of these viromes. The low diversity in the viral community was reflected to a lesser 603 

extent in the microbial diversity, as microbial diversity within the ETSP OMZ oxycline 604 

was similar or slightly lower than the microbial diversity in surface. In the anoxic waters 605 

at 200 m the microbial diversity was the lowest at the location 3 (Bryant et al., 2012), 606 

which was comparable with the decline in the viral community.  Microbial diversity was 607 

not estimated at location 5. The viral community diversity within the ETSP OMZ anoxic 608 

core was the lowest in the water column at the inshore site and increased to almost 609 

surface values at the offshore site. The overall low diversity of the ETSP OMZ viral 610 

communities is a major departure from the high diversity and richness of marine viral 611 

communities described to date. Microbial survival in the marine environment depends on 612 

the ability to withstand high levels of viral predators (Rodriguez-Valera et al., 2009). 613 

High viral predation maintains high microbial diversity in marine environments in a 614 

process called 'kill the winner;’ therefore, the low viral abundance and diversity detected 615 

in the ETSP OMZ may reflect the lowered measures of diversity and phylogenetic 616 

distance in ETSP OMZ microbes (Bryant et al., 2012). Recent investigations of viral 617 

communities associated with other anoxic environments, e.g. lungs of cystic fibrosis 618 

patients and human gut, have also found lower viral diversity (Willner et al., 2009; Reyes 619 

et al., 2010).  620 

Conclusions 621 

Viruses from the ETSP OMZ are novel, and showed little genotypic similarity to 622 

existing genomes or metagenomes from other marine environments. The viral 623 A
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communities are distinctive between the surface water, oxycline and anoxic core, with 624 

minimal genetic overlap. Low viral to microbial ratios were observed in the ETSP OMZ, 625 

suggesting a decrease in viral production due either to low rates of host community 626 

growth or to high loss of free-living viruses in oxycline and anoxic core. A variation in 627 

the lifestyle of viruses of the ETSP OMZ water column from lytic to lysogenic coupled 628 

with low microbial turnover rates is hypothesized. The diversity of the viruses in the 629 

anoxic core is low, suggesting that in anoxic environments viral diversity is limited. The 630 

variations in the viral community characteristics across the oxygen concentrations may be 631 

reflected in biotic and abiotic processes of the ETSP OMZ, such as the viral shunt and 632 

biogeochemical cycling of nutrients, and require further investigation. 633 

 634 

Materials and methods 635 

Description of sampling locations 636 

Samples were obtained from two locations (inshore and offshore) along a 637 

latitudinal transect off Iquique, Chile, during the “Microbial Oceanography of the 638 

Oxygen Minimum Zone” cruises (MOOMZ I, II, and III) on board the Vidal Gomaz in 639 

June 2008, August 2009 and January 2010. The 2008 and 2009 cruises occurred during 640 

the Austral winter while the 2010 cruise targeted the summer. The inshore site was 641 

located at 20.1005°S, 70.400°W and the offshore site was located 50 km due west at 642 

20.104°S, 70.803°W (Figure 1). The cruise targeted the eastern tropical South Pacific 643 

oxygen minimum zone (ETSP OMZ), which is a permanent hydrographic feature located 644 

off the coasts of northern Chile and Peru (Karstensen et al., 2008; Whitmire et al., 2009). 645 

The ETSP OMZ extends from ~ 50 m to depths greater than 700 m and stretches from the 646 A
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coast to thousands of kilometers offshore. It is maintained by a combination of low 647 

oxygen source waters (Equatorial Subsurface Water, ESSW) and high coastal 648 

productivity, which is subject to subsequent microbial respiration (Karstensen et al., 649 

2008; Whitmire et al., 2009). 650 

Microbial and viral enumeration and statistics 651 

Pre-washed polycarbonate 2 L Niskin bottles were used to sample seawater 652 

recovered from 10 L Niskin bottles on a conductivity/temperature/depth (CTD) rosette. 653 

Samples were immediately fixed with electron microscopy-grade paraformaldehyde to a 654 

final concentration of 4 % and placed on ice. Fixed seawater samples (10 ml) were 655 

filtered as soon as possible through 0.02 µm Anodisc filters (Whatman, Inc, Florham 656 

Park, NJ) as per Patel et al (2007). Filters were mounted on glass slides, stained with 657 

SYBR Gold (1 X final concentration; Invitrogen Solana Beach, CA) and stored at -20 
o
C 658 

within 1 hour after sample collection. Upon arrival at SDSU, abundance counts were 659 

estimated by epifluorescence microscopy at 1000 X within one month. Microbes and 660 

viruses were enumerated with four replicates filters per depth. Microbial cells 661 

(fluorescing particles in the range of 0.45 to 0.20 µm, including Bacteria, Archaea and 662 

some small Eukaryotes) and viruses (0.20 to 0.02 µm) were estimated in 10 fields 663 

selected at random (greater than 200 microbes per slide) (Noble and Fuhrman, 1998; Wen 664 

et al., 2004). Size ranges were used to determine abundance estimates, therefore 665 

microbial estimates include Bacteria, Archaea, and small Eukaryotes and viruses included 666 

viral like particles less than 0.02 µm (Thurber et. al. 2009). 667 

To calculate the difference between VMR across depths, a paired t-test was 668 

conducted. The depths were surface (0 to 70 m), oxycline (70 to 180 m), anoxic core (200 669 A
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to 478 m) and deep (480 to 500 m). To achieve normality and homogeneity, viral and 670 

microbial abundances were log(x+1) transformed. To investigate whether the viral, 671 

microbial abundances and VMR changed with depth, these variables were compared 672 

using a MANOVA where years were considered separately because we did not have the 673 

temporal replication necessary for incorporation with the model. The 2008 data was not 674 

included in the statistical analysis because of the low sample size. 675 

Metagenomic sample collection 676 

Viral metagenomes (viromes) were collected in 2008 at six sites: inshore 10, 90 677 

and 200 m and offshore 55, 90 and 200 m. The 10 m sample was within the surface water 678 

oxygen conditions, the 55 and 90 m samples were within the oxycline and the 200 m 679 

sample was within the anoxic core. Samples of 40 to 80 L of seawater were prefiltered 680 

using a 100 µm nitex mesh and concentrated to approximately 500 ml using a 100 kDa 681 

tangential flow filter (Amersham Biosciences). During filtration, pressure was kept below 682 

0.6 bar (10 psi) to ensure that microbial cells were not destroyed. To obtain viral 683 

fractions, concentrated microbial samples were filtered through 0.22 µm Sterivex filters 684 

(Millipore, Inc) and the viral filtrate was collected. To kill residual microbial cells in the 685 

concentrated viral filtrates, 1 ml of chloroform was added per 50 ml. Samples were stored 686 

at 4 °C until further processing. 687 

Viruses were concentrated using a cesium chloride step gradient and 688 

ultracentrifugation for 2 hours at 22,000 g and 4 °C. The 1.35 to 1.5 g ml
-1

 fraction was 689 

collected (Thurber et al., 2009). Viral DNA was recovered using CTAB/formamide-based 690 

extraction and amplified using standard protocol for amplification using phi29 691 

polymerase (GenomiPhi). Five amplification reactions from each sample were pooled to 692 A
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avoid bias and were purified using silica columns (Zymo Research). DNA was 693 

precipitated with ethanol and re-suspended in water at a concentration of 50 to 100 ng µl
-

694 

1
. The viral DNA was pyrosequenced on a GS FLX (Roche/454) machine without 695 

titanium chemistry. Between 150,000 and 480,000 sequences of approximately 250 bp 696 

were obtained per library (i.e. per virome). To remove artificial duplicates caused by 697 

amplification bias during the emulsion PCR step of next-generation sequencing, 698 

sequences were de-replicated using an in-house pipeline also described in Doug et al 699 

(2011) and Gomez-Alvarez et al (2009). 700 

Bioinformatics - Taxonomy 701 

In order to avoid chimeras and enable statistical analysis, ETSP OMZ virome 702 

sequences were analyzed without assembly (i.e. as gene tags). All metagenomic 703 

sequences were compared by BLASTx against the SEED non-redundant (nr) database 704 

using lenient parameters (E-value = 10
-3

) on the Subsystem Technology of the 705 

MetaGenome Rapid Annotation (MG-RAST) platform (Aziz et al., 2008; Meyer et al., 706 

2008). Comparison to the SEED-nr database provided a description of the taxonomic 707 

components and the functional potential of each viral community. Due to a focus of the 708 

SEED-nr database on microbial genomes, phage taxonomy was further explored by 709 

tBLASTx comparison (E-value = 10
-3

) of ETSP OMZ virome sequences to the 849 phage 710 

genomes on Phantome (7-01-2012 database).  711 

Bioinformatics – Community ecology 712 

To investigate the community ecology of each virome, a maximum likelihood 713 

assemblage structure of the viromes from the ETSP OMZ was determined using 714 

mathematical rank-abundance models in Phage Communities from Contig Spectra 715 A
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(PHACCS) (Angly et al., 2005). The parameters used in the PHACCS analysis were as 716 

follows: 250 bp average fragment size, average genome length 50 kb, and identifying up 717 

to 100,000 genotypes. The program identifies the best-fitting (lowest error) assemblage 718 

model for each virome. The model is used to calculate Shannon diversity (measured to 719 

base e and expressed in nats), evenness (proportion of the most abundant genotype) and 720 

richness (number of genotypes). In recent metagenomic research, the incorporation of 721 

average genome size has been included in diversity analysis (Angly et al., 2009), 722 

however due to the low sequence similarity to databases of the ETSP OMZ viromes this 723 

was not used, because of the potential to bias the results. Therefore, viral community 724 

statistics were determined assuming an average genome length of 50 kb for all viromes.  725 

Bioinformatics – Genomic exchange between viromes 726 

To explore the amount of genetic exchange between the different layers in the 727 

ETSP OMZ, the percentage of shared sequences among viromes was calculated by a 728 

reciprocal BLASTn (E-value = 10
-3

) between metagenomes. The results of the reciprocal 729 

BLASTn were parsed through a custom PERL script which selected equal matches in 730 

both viromes. The best reciprocal BLASTn matches were calculated between the OMZ 731 

viromes and 1) Kingman Island virome (Dinsdale et al., 2008a), 2) Sargasso Sea virome 732 

(Angly et al., 2006), 3) Gulf of Mexico virome (Angly et al., 2006), 4) Chesapeake Bay 733 

virome (Bench et al., 2007), and the genome of a chemolithoautotroph from a seasonal 734 

oxygen minimum zone in Saanich Inlet, British Columbia (Walsh et al., 2009). To 735 

calculate the percent of shared sequences, the best reciprocal BLASTn results were 736 

divided by the number of sequences in each virome. Otherwise, the size of the virome 737 

would affect the percent of shared sequences, i.e. a large virome will have a smaller 738 A
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fraction of sequences involved in the matches. Two percent values are reported, one for 739 

each of the viromes included in the analysis. A similar calculation was conducted to 740 

compare the Monterey Bay virome to other marine viromes (Steward and Preston, 2011). 741 

To test the fraction of genotypes shared between ETSP OMZ viromes from 742 

different depths, cross-contigs were generated between viromes and a Monte Carlo 743 

simulation was conducted following the protocol outlined by Angly et al (2005). The 744 

simulation uses cross-contig spectra to estimate the proportion of genotypes shared 745 

between communities and to identify the proportion of genotypes permuted between two 746 

viromes (Angly et al., 2006; Reyes et al., 2010; Willner et al., 2011). The Monte Carlo 747 

simulation is a pairwise analysis which resulted in 36 separate graphs. To summarize the 748 

results of the Monte Carlo simulation, a non-metric multidimensional scaling (nMDS) 749 

analysis was conducted that determined the relationships between all six viromes 750 

simultaneously. The nMDS used a dissimilarity matrix constructed from the proportion of 751 

shared genotypes calculated in the Monte Carlo simulation. 752 

Virome and microbiome comparisons 753 

To explore the amount of genetic overlap between the viral community and the 754 

microbial community, the percent of shared sequences between viromes and microbiomes 755 

from each depth was calculated by performing a best reciprocal BLASTn comparison (E-756 

value = 10
-3

). The results of the reciprocal BLASTn were parsed through a custom PERL 757 

script which selected equal matches in both metagenomes. To calculate the percent of 758 

shared sequences in each metagenome, each virome was divided by each microbiome and 759 

vice versa in the reciprocal analysis. The microbiomes were collected at a range of depths 760 

at the inshore location by the Delong lab at the same time as the viromes (Stewart et al., 761 A
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2012) and full methods can be found in their manuscript. For each sample, 15 to 20 L of 762 

seawater was prefiltered through a 1.6µm GFA filter (125 mm diameter Whatman), 763 

collected using a 0.22 um Steripak-GP20 filter (Millipore). The filters were filled with 764 

lysis buffer and frozen at - 80 
o
C until extraction. Microbial metagenomic sequences were 765 

obtained using the FLX non-titanium series.  766 

CRISPR/cas analysis 767 

A recently developed analysis of the clustered regularly interspaced short 768 

palindromic repeats (CRISPR) between pairs of viral and microbial metagenomes was 769 

used to identify potential viral hosts. CRISPR loci usually consist of 20 to 50 bp repeats 770 

interspersed by spacer regions 25 to 75 bp in length (Anderson et al., 2010). CRISPRs 771 

occur in microbial DNA and spacer regions are inserted into the host DNA via invading 772 

genetic elements, such as virus or plasmid. CRISPRs are believed to provide a simple 773 

version of immunity for the host. Spacer sequences from viromes provide a description of 774 

the viruses that have invaded the microbial community. A direct match indicates a 775 

successful identification of a viral/host pair in a comparison of the spacer section from a 776 

microbiome against a virome.  777 

To identify viral hosts, a CRISPR analysis was conducted on the unassembled and 778 

assembled viromes. The unassembled viromes yielded no CRISPRs and were not 779 

considered further. Viromes were assembled using NEWBLER with standard cut-offs. 780 

First, the microbiomes and viromes were searched for sequences with CRISPR 781 

characteristics using the CRISPR recognition tool (Bland et al., 2007). When the CRISPR 782 

were identified, the flanking spacer sequences were extracted and all metagenomes were 783 

analyzed for an exact match to the spacer using a custom script. Any matches were then 784 A
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investigated for a description of the microbial host.  785 

Bioinformatics – Metabolic potential 786 

To identify metabolic potential of the viral community, functional potential of 787 

ETSP OMZ virome sequences were identified from MG-RAST (using BLASTx 788 

comparisons to SEED nr databases as described previously). The MG-RAST uses a 789 

subsystem approach to describe the metabolic genes, in which genes involved with 790 

related metabolic pathways are grouped into subsystems. The significance of 791 

overrepresented subsystems (from MG-RAST) in each virome was calculated by 792 

conducting a non-parametric statistical analysis of subsystem distribution from all paired 793 

viromes using the statistical program XIPE, with 95 % confidence level and 1000 794 

repetitions (Rodriguez-Brito et al., 2006). Subsystems that were overrepresented in more 795 

than three viromes are noted. Sequences that were similar to nitrogen and sulfur 796 

metabolism subsystems were considered in more detail and were described on an 797 

individual basis. The associate taxonomic similarities for the two pathways were noted to 798 

establish potential microbial hosts. 799 
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Figure Legends 1082 

 1083 

Figure 1. Geographic position and depth profile of the oxygen concentration at two 1084 

locations sampled (inshore and offshore) during the sampling expeditions to the Eastern 1085 

Tropical South Pacific Oxygen Minimum Zone off Iquique, Chile.  1086 

 1087 

Figure 2. Viral (black circles) and microbial (open circles) abundances along the oxygen 1088 

gradient (green line) at the inshore and offshore locations of the ETSP OMZ water 1089 

column for winter 2009 and summer 2010. Data collected in winter 2008 as a preliminary 1090 

study is also presented. The oxycline region is depicted in red. Note variation of scale in 1091 

the x-axis.  1092 

 1093 

Figure 3. Viral to microbial ratios (VPR) (black circles) observed along the oxygen 1094 

gradient (green line) at the inshore and offshore locations of the ETSP OMZ water 1095 

column for winter 2009 and summer 2010. Data collected in winter 2008 as a preliminary 1096 

study is also presented. The oxycline region is depicted in red.  1097 

 1098 

Figure 4. The percent of similar sequences are presented for the 2008 ETSP OMZ 1099 

viromes to eukaryotic virus or phage phyla along the oxygen gradient. Similarities were 1100 

obtained by BLASTx comparisons (E-value = 10
-3

) to the SEED non-redundant database. 1101 

Percentages were normalized to the total number of sequence similarities in each 1102 

metagenome. The oxycline region is depicted in red. 1103 

 1104 

Figure 5. Percent of similar sequences are presented for the 2008 ETSP OMZ viromes to 1105 A
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phage and prophage species along the oxygen gradient. Similarities were obtained by 1106 

tBLASTx comparison (bitscore < 40, E-value = 10
-5

) to the 849 complete GenBank viral 1107 

genomes (7-01-2012 release on Phantome). Percentages were normalized to the total 1108 

number of sequences similarities in each metagenome. The area of the oxycline is 1109 

depicted in red. 1110 

 1111 

Figure 6. Result from non-metric multidimensional scaling of the Monte Carlo 1112 

simulations based on cross-contig comparisons of the proportion of shared genotypes 1113 

between each of the 6 2008 ETSP OMZ virome is shown (stress = 0.0172). 1114 

 1115 

Figure 7. Percent of sequences identified in each major metabolic subsystem for all 2008 1116 

ETSP OMZ viromes. Asterisks (*) indicate an overrepresentation of a subsystem in that 1117 

metagenome when compared to three or more other metagenomes. 1118 
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Table 1. Viral to prokaryotic ratios (VPR) observed at different depths from various 1119 

oceanic regions. FC: flow cytometry; EM: epifluorescent microscopy.  1120 

Location Depth (m) VPR Method Study 

Atlantic Ocean (subtropical)    
(Clasen et al., 

2008) 

  Epi-pelagic < 150 51 FC 

(Hara et al., 1996; 

De Corte et al., 

2010) 

  Meso-pelagic 150 - 1000 9.82 FC  

  Bathy-pelagic 1000 - 4000 20.56 FC  

  Abysso-pelagic > 4000 25.18 FC  

Pacific (subarctic and 

subtropic) 
5000 1.63 EM 

(Hara et al., 

1991) 

North Atlantic    

(Parada et al., 

2007; Parada et 

al., 2008) 

  Epi-pelagic 1 9 FC  

 *Meso-pelagic 250 - 1100 12 - 27 FC  

  Bathy-pelagic 2500 - 3500 67 FC  

  Abysso-pelagic 3500-5000 110 FC  

Cariaco Basin    
(Taylor et al., 

2003) 

  Oxic < 450 16 EM  

 *Anoxic 450 - 1400 31 EM  

Mediterranean (Open) Sea 200 - 1000 14 EM 
(Weinbauer et al., 

2003) 

Mediterranean    
(Weinbauer et al., 

2003) 

  Epi-pelagic < 100 6.1 - 21.7 EM  

 *Meso-pelagic 110 - < 800 2.5 - 8.1 EM  

  Bathy-pelagic 800 - 2000 1.1 - 5.6 EM  

Baltic Sea    
(Weinbauer et al., 

2003) 

  Surface 0 - 80 11 - 15.0 EM  

  Suboxic 80 - 120 14 - 50 EM  

 *Anoxic  120 - 160 11 - 17.0 EM  

North Atlantic 10 m 50 EM  

Pacific Ocean (coastal) 0.5 - 100 40 EM  

Arctic Ocean (coastal) 1 - 530 11.1 EM 
(De Corte et al., 

2011) 

(Jiao et al., 2006) river estuary 10 - 50 7.23 EM (Jiao et al. 2006) 

Chesapeake Bay    
(Wommack et al., 

1992) 

  Below surface 1 20 - 25 EM  A
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 *Above bottom 1 0.6 - 47.8 EM  

Gulf of Mexico 1400 4.51-6.03 EM (Kellogg, 2010) 

 >2000 
10.94-

66.36 
EM (Kellogg 2010) 

North Pacific (Endeavour 

Ridge hydrothermal vent) 
   

(Ortmann and 

Suttle, 2005) 

 *Plume 2500 6.4 EM  

  1.3 km off plume 2500 10 EM  

  4.4 km off plume 2500 6.0 EM  

* Low oxygen environment with < 1ml l
-1 

oxygen concentrations 
 

1121 
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 1122 

Table 2. Viral and microbial abundances and VMR observed at each water layer over 1123 

three years of the ETSP OMZ. Ranges are not shown for 2008 values due to low number 1124 

of depth samples. 1125 

 1126 

Year Depth Section (m) 

Viral Abundance 

[10
7
] VLP ml

-1 

(avg)
 

Microbial 

Abundance [10
6
] 

cells ml
-1

 (avg)
 

VMR 

 

2008 Surface– (10) 0.262  1.767 1.59 (0.23) 

 Oxycline (80 - 125) 0.221 (0.033) 0.712 (0.003) 2.86 (0.05) 

 Anoxic core (200) 0.268 (0.055) 1.018 (0.106) 1.45 (0.14) 

 Deep water (500) 0.285 (0.012) 0.418 (0.005) 6.80 (0.38) 

2009 Surface  (10 - 78) 0.35 – 0.99 (0.74) 1.33 – 2.57 (2.07) 2.59 – 4.26 (3.47) 

 Oxycline (80 - 180)  0.20 – 0.53 (0.33) 0.81 – 3.21 (1.55) 1.54 – 3.08 (2.31) 

 Anoxic (200 - 440)  0.05 – 0.33 (0.19) 0.03 – 1.92 (1.02) 1.09 – 3.69 (2.17) 

 

Deep water (480 - 

500) 0.06 – 0.14 (0.09) 0.19 – 1.16 (0.67) 1.17 – 3.21 (2.19) 

2010 

 

Surface  (10 - 78)  0.73 – 2.84 (1.70) 0.93 – 6.58 (3.86) 4.04 – 7.83 (5.07) 

 Oxycline (80 - 180)  1.08 – 3.45 (2.26) 3.44 – 12.38 (7.90) 5.17 – 7.23 (6.20) 

 

 

Anoxic (200 - 440)  0.58 – 2.07 (1.13) 1.50 – 7.81 (4.05) 2.55 – 5.88 (4.14) 

 

Deep water (480 - 

500) 0.29 – 0.35 (0.31) 3.71 – 6.71 (0.52) 5.59 – 7.79 (6.69) 
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Table 3. Sequence similarity of the 2008 ETSP OMZ viral metagenomes to the SEED 1127 

non-redundant database. Taxonomic identification of sequences performed by   BLASTx 1128 

comparisons (E-value = 10
-03

) using the MG-RAST platform.  1129 

Depth 

(m) 

# sequences in 

metagenome 

Taxonomic Similarity 

(%) 

 Inshore Offshore Inshore Offshore 

10 152,688 - 8.75 - 

55 - 341,707 - 1.1 

90 476,227 373,730 2.61 0.92 

200 368,124 263,954 2.29 2.8 
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Table 4. Percentages of reciprocal BLASTn matches of 2008 ETSP OMZ viral 1130 

metagenomes with four marine viromes from Kingman Reef, Sargasso Sea, Chesapeake 1131 

Bay, Gulf of Mexico (Angly et al., 2006; Dinsdale et al., 2008a) and one genome of a 1132 

chemolithoautotrophic bacterium obtained from the anoxic core in Saanich Inlet, British 1133 

Columbia (SUP05) (Walsh et al. 2009). Numbers represent percentages of similar 1134 

sequences of metagenomes based on reciprocal BLASTn comparison (E-value = 10
-3

). 1135 

The denominator for the quadrant above the diagonal is the sample in the column 1136 

headings and the denominator for the quadrant below the diagonal is the sample in the 1137 

row headings. 1138 

 1139 

Location/ 

depth (m) 

Inshore 

10 m 

Inshore  

90 m 

Inshore 

200 m 

Offshore 

55 m 

Offshore 

90 m 

Offshore 

200 m 

Kingman 

Reef 

Sargasso 

Sea 

Chesa-

peake Bay 

SUP0

5* 

Gulf of 

Mexico 

Inshore 

10 m 
- 12.02 5.39 11.57 7.94 4.95 4.19 11.41 0.35 0.01 4.75 

Inshore  

90 m 
3.85 - 1.69 11.06 13.87 3.64 0.54 3.39 0.04 0.00 1.53 

Inshore 

200 m 
2.24 2.19 - 1.88 1.51 3.22 0.28 0.76 0.02 0.00 0.32 

Offshore 

55 m 
5.17 15.41 2.03 - 14.67 4.29 0.31 4.31 0.01 0.00 2.68 

Offshore 

90 m 
3.25 17.68 1.49 13.41 - 5.16 0.20 2.99 0.01 0.00 1.25 

Offshore 

200 m 
2.86 6.58 4.49 5.55 7.30 - 0.83 2.75 0.05 0.00 1.75 

Kingman 

Reef 
6.73 2.69 1.09 1.10 0.77 2.31 - 12.27 0.31 0.02 4.05 

Sargasso 

Sea 
4.36 4.04 0.70 3.69 2.80 1.82 2.92 - 0.28 0.00 2.54 

Ch. Bay  9.57 3.42 1.24 0.64 0.87 2.13 5.25 19.55 - 0.05 11.10 

SUP05* 8.79 7.69 8.79 4.40 3.30 7.69 23.08 18.68 3.30 - 13.19 

GOM 2.75 2.75 0.44 3.48 1.77 1.75 1.46 3.84 0.24 0.00 - 

*SUP05 is a constructed genome from a metagenome 1140 A
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Table 5. Percent of reciprocal BLASTn similarities of the 2008 ETSP OMZ viromes 1141 

(inshore and offshore locations) against the 2008 ETSP OMZ microbiomes (all offshore). 1142 

Values represent the percent of sequences from the viromes that were similar to 1143 

sequences in the microbiomes from BLASTn comparison (E-value = 10
-3

). A) Proportion 1144 

of sequences in the virome that match the microbiome, B) Proportion of sequences in the 1145 

microbiome that show similarity to the virome. Percent greater than one is shown in bold. 1146 

A 1147 

 Virome 

Microbiome 

by Depth 

Inshore 

10 m 

Offshore 

55 m 

Inshore 

90 m 

Offshore 

90 m 

Inshore 

200 m 

Offshore 

200 m 

15 m 6.427 0.182 0.559 0.137 0.295 0.543 

60 m 2.982 0.162 0.495 0.153 0.230 0.559 

65 m 2.857 0.169 0.595 0.183 0.256 0.619 

85 m 2.396 0.194 0.538 0.229 0.487 0.668 

110 m 1.133 0.095 0.274 0.119 0.509 0.714 

200 m 0.787 0.092 0.206 0.096 0.601 0.696 

800 m 0.418 0.099 0.146 0.085 0.178 0.353 

 1148 

B 1149 

 Microbiome by Depth 

Virome 15m 60m 65 m 85m 110 m 200m 800m 

Inshore 10m 1.218 1.158 1.040 0.614 0.429 0.233 0.317 

Offshore 55m 0.077 0.141 0.138 0.111 0.080 0.061 0.167 

Inshore 90m 0.331 0.599 0.675 0.430 0.324 0.190 0.344 

Offshore 90m 0.064 0.146 0.163 0.144 0.110 0.069 0.158 

Inshore 200m 0.135 0.216 0.225 0.301 0.465 0.428 0.324 

Offshore200m 0.178 0.375 0.390 0.296 0.467 0.356 0.462 
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Table 6. Ecological statistics of 2008 ETSP OMZ viromes compared to those of surface 1150 

viromes from the Arctic, Bay of British Columbia, Gulf of Mexico, the Sargasso sea 1151 

(Angly et al., 2006) and Tampa Bay (McDaniel et al., 2008). 1152 

 Inshore OMZ Offshore OMZ Surface Water Virome Location 

Parameter 10m 90m 200m 55m 90m 200m Arctic 

Bay of 

British 

Columbia 

Gulf of 

Mexico 

Sargasso 

Sea 
Tampa 

Richness 2040 429 133 100 98 1752 532 12900 15400 5140 15400 

Evenness 0.73 0.73 0.73 0.84 0.85 0.72 0.96 0.92 0.85 0.91 n/a 

Most 

abundant 

genotype 

(%) 

12.6 17.6 22.9 16.2 15.3 13.4 2.27 7.2 13.3 8.4 4.4 

Diversity 

(nats) 

5.58 

 

4.42 

 

3.59 

 

3.84 

 

3.88 

 

5.41 

 

6.05 

 

10.80 

 

8.21 

 

7.24 

 

9.13 

 

 1153 
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