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Originality-Significance Statement:  20 

Marine oxygen minimum zones (OMZs) are unique and important ocean 21 

ecosystems where microbes drive climate-altering nutrient transformations. This study 22 

provides a baseline, deeply sequenced viral metagenomic dataset and reference viral 23 
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genomes to assess ecological change and drivers across the oxygenated surface to de-24 

oxygenated deep waters of the Eastern Tropical South Pacific (ETSP) OMZ. Community 25 

ecological assessment of the ETSP viromes reveals a relatively low diversity viral 26 

community with a high degree of endemic populations in the OMZ waters. 27 

 28 

Summary:  29 

Oxygen minimum zones (OMZs) are critical to marine nitrogen cycling and global 30 

climate change. While OMZ microbial communities are relatively well-studied, little is 31 

known about their viruses. Here we assess the viral community ecology of 22 deeply 32 

sequenced viral metagenomes along a gradient of surface oxygenated to anoxic waters 33 

(< 0.02 µmol/L O2) in the Eastern Tropical South Pacific (ETSP) OMZ. We identified 34 

46,127 viral populations (>5 kb), which augments the known viruses at this site by 10-35 

fold. ETSP viral communities clustered into 6 groups that correspond to oceanographic 36 

features, with 3 clusters representing samples from suboxic to anoxic waters. Oxygen 37 

concentration was the predominant environmental feature driving viral community 38 

structure. Alpha and beta diversity of viral communities in the anoxic zone were lower 39 

than in surface waters, which parallels the low microbial diversity seen in other studies. 40 

Viruses were largely endemic as few (6% of viruses from this study) were found in at least 41 

another marine metagenome, and of those, most (77%) were restricted to other OMZs. 42 

Together these findings provide an ecological baseline for viral community structure, 43 

drivers and population variability in OMZs that will help future studies assess the role of 44 

viruses in these climate-critical environments. 45 

 46 
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Introduction 47 

Oxygen deficient regions of the ocean play a vital role in regulating the ocean 48 

nitrogen budget and greenhouse gas emission (Wright et al., 2012). These low oxygen 49 

regions termed Oxygen Minimum Zones (OMZ) result from a combination of thermal 50 

stratification of the water column, low circulation, temperature- and wind-driven upwelling 51 

currents, and heterotrophic consumption of surface water primary production in deep 52 

water (Wyrtki, 1965; Kessler, 2006; Karstensen et al., 2008; Paulmier & Ruiz-Pino, 2009; 53 

Czeschel et al., 2011). Oxygen concentrations in OMZs can reach below the detection 54 

limit of a few nanomoles per liter in certain regions such as the Eastern Tropical South 55 

Pacific (ETSP) (Revsbech et al., 2009; Thamdrup et al., 2012; Ulloa et al., 2012), creating 56 

anoxic marine zones (AMZs). Problematically, OMZs have expanded over the last 50 57 

years as a result of increased ocean stratification from rising surface water temperatures 58 

(Stramma et al., 2008, Wright et al., 2012, Ulloa et al., 2012). As OMZs expand, the 59 

metabolisms found therein – anaerobic ammonium oxidation (anammox) and 60 

denitrification – result in large-scale nitrogen loss through the increased production of N2 61 

and the potent greenhouse gas N2O (Lam and Kuypers, 2011). Thus, the factors 62 

moderating microbe-mediated nutrient cycling in OMZs require rigorous examination to 63 

better understand the impact of OMZs on climatic trends. 64 

The biological factors responsible for the development and maintenance of OMZs 65 

are almost exclusively a result of microbial activity (Zakem et al., 2019). As oxygen is 66 

removed from the environment by heterotrophs, other electron acceptors (such as nitrate 67 

and sulfate) that have progressively lower electron affinities and energy potentials are 68 

used. This results in a gradient of electron acceptors and redox chemistry across the 69 
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depth gradient, referred to as the redoxycline. Due to the reduction in free energy, the 70 

biogeochemistry of OMZs is almost entirely dictated by the microbial metabolisms 71 

stratified along the redoxycline, rather than macrofaunal respiration (Hawley et al., 2014). 72 

This reduction in energy may be expected to be associated with a reduction in community 73 

size and diversity possibly due to a depletion in niche space (Rabosky, 2009; Beman & 74 

Carolan, 2013). However, major trends in microbial diversity across OMZs remain 75 

unclear, as diversity has been shown to either increase or decrease with the reduction of 76 

oxygen concentration (Stevens & Ulloa, 2008; Bryant et al., 2012). Nevertheless, it is 77 

plausible that diversity trends follow patterns in productivity, i.e., higher relative diversity 78 

in the surface chlorophyll maximum (SCM) and the deep chlorophyll maximum (DCM) 79 

(Chase & Leibold, 2002; Walsh et al., 2016), or the availability of niche space, which 80 

appears to peak at the interface between oxygenated and anoxic water, a transition 81 

environment where a wide array of metabolisms may persist (Bertagnolli & Stewart, 82 

2018). 83 

Importantly, viruses have also been shown to play major roles in both bottom-up 84 

and top-down mechanisms controlling microbial communities. In the surface oceans, 85 

viruses mediate microbial population dynamics and metabolism (Suttle, 2007; Hurwitz et 86 

al., 2013) through viral lysis, which in addition to protist grazing, results in microbial 87 

mortality rates that are proportional to growth rates at ~1-2 day-1 (Ducklow & Hill, 1985; 88 

Cole et al., 1988; Suttle, 1994; Fuhrman & Noble, 1995). The result of this lysis is the 89 

redirection of fixed carbon away from macrofaunal production and into both microbial 90 

respiration and carbon export (Azam et al., 1983; Fuhrman, 1992; Guidi et al., 2016). In 91 

addition, viruses have been shown to encode host-derived auxiliary metabolic genes 92 
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(AMGs), with a few notable examples of viruses likely associated with sulfur and nitrogen 93 

cycling (Roux et al., 2016; Ahlgren et al., 2019). Though data to date suggest that OMZ 94 

viruses are likely important, a foundational ecological perspective on viruses in these 95 

habitats is lacking. 96 

To date, only two genomic studies have explored community dynamics of viruses 97 

in OMZ systems (Cassman et al., 2012; Roux et al., 2014). Both studies were relatively 98 

small in terms of samples collected, sequencing available, and viruses recovered, but 99 

both led to significant advances in our understanding of OMZ viruses. Specifically, Roux 100 

et al. (2014) focused on viruses that were recovered from 127 single cell amplified 101 

genomes from uncultivated SUP05 bacteria in a model OMZ ecosystem while Cassman 102 

et al. (2012) examined the diversity and size of viral communities in the ETSP OMZ region 103 

through metagenomics. Fortunately, sequencing costs and analytics has improved 104 

considerably since these initial studies, which warrants re-investigation of these viral 105 

communities. Here, we deeply sequence viral metagenomes from 22 seawater samples 106 

to provide 420-fold more sequencing data from these environments to establish genome-107 

resolved datasets for exploring viral community and population ecology along oxygenated 108 

to anoxic marine waters of the ETSP OMZ.  109 

 110 

Results and Discussion 111 

Samples were collected from six stations spanning a transect from coastal to 112 

pelagic waters in the ETSP OMZ region off the coast of Lima, Peru (Figure 1A, see 113 

Experimental Procedures). The depths at which samples were collected were determined 114 

by distinct oceanographic features (Figure 1B, Table S1, Figure S1). At most stations a 115 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 22, 2020. ; https://doi.org/10.1101/2020.07.22.215772doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.22.215772
http://creativecommons.org/licenses/by-nd/4.0/


6 
 

sample was collected from the surface chlorophyll maximum, the upper oxycline, the 116 

upper OMZ (with or without a secondary deep chlorophyll maximum), and the core of the 117 

OMZ (Figure 1). Viral concentrates produced for each sample were sequenced with 118 

Illumina HiSeq 2000 to produce an average of 7.2 Gb bases per sample (Table S2). To 119 

provide context with other large studies, the Global Ocean Virome dataset had an 120 

average of 8.9 and 27.2 Gb per sample, on their first and second versions, respectively  121 

(Roux et al., 2016; Gregory et al., 2019). Reads were assembled into scaffolds, from 122 

which viruses were identified and then clustered into viral populations (see Experimental 123 

Procedures) that represent approximately species level viral taxonomy (Brum et al., 2015; 124 

Gregory et al., 2016; Gregory et al., 2019). In total, we recovered 46,127 viral populations 125 

of at least 5 kb in length and used these for all analyses in this study. 126 

The relative abundances of the viral populations in each sample were calculated 127 

and normalized across all samples (see Experimental Procedures) and used as input for 128 

biogeographical and diversity analyses (Table S3). We hypothesized that viruses would 129 

cluster into distinct communities from the anoxic and oxic waters due to the environmental 130 

differences of these marine habitats (Bertagnolli & Stewart, 2018). This would be similar 131 

to previous studies that have shown OMZs have unique microbial communities, 132 

compared to more oxygenated surface waters (Madrid et al., 2001; Fuchs et al., 2005; 133 

Stevens & Ulloa, 2008; Wright et al., 2012). Overall, 6 main clusters were detected via 134 

hierarchical clustering (Figure 2), which is relatively consistent with those predicted from 135 

other statistics including a gap statistic (Figure S2) and an affinity propagation analysis 136 

(Figure S3). As expected, the anoxic waters of the OMZ were significantly distinct from 137 

the rest of the samples (Figure 2). Within the OMZ samples, there were 3 sub-clusters: 138 
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samples from coastal OMZs (OMC_C cluster), samples from the upper OMZ with a DCM 139 

(uOMZd cluster), and samples from the remaining upper and core OMZ from pelagic 140 

waters (OMZ_P cluster) (see Experimental Procedures for cluster name information). 141 

Five of the samples from OMZ_P cluster also have relatively high concentrations of nitrite 142 

(Table S1 and Figure S1F), and so represent an anoxic marine zone (AMZ) (Thamdrup 143 

et al., 2012; Ulloa et al., 2012). However, for the rest of the OMZ_P cluster samples, nitrite 144 

measurements are missing (see Experimental Procedures). Other clustering differences 145 

showed that pelagic surface waters differed from the oxycline and coastal surface waters. 146 

The main clusters support the conclusion that viral communities that exist in OMZs are 147 

relatively distinct from those communities found in the ocean surface. 148 

 We next evaluated our viral communities with various diversity measures, including 149 

evenness, alpha diversity, and beta diversity (Figure 3A, 3B, 3C, respectively). The 150 

diversity metrics used were specifically selected to minimize the impact of varying 151 

sequencing depth on diversity estimations. In terms of the entire system, species 152 

accumulation analysis revealed only a 2% increase in species recovery in the last of the 153 

22 randomly permuted sub-samples, indicating sequencing approached saturation 154 

(Figure S4). Statistically robust species accumulation analysis was not possible at the 155 

individual community scale due to a lack of samples within a given habitat. Evenness did 156 

not significantly differ between samples from oxygenated regions and the OMZ (Figure 157 

3A, Kruskal-Wallis p-value = 0.742). The evenness was nearly 1 in all cases (range 0.965-158 

0.978, mean 0.974), which indicates that no community or sample cluster had a high 159 

relative proportion of dominant viral populations.  160 
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Alpha diversity, a measure of diversity within a community, was calculated (Figure 161 

3B) using the inverse Simpson’s concentration (see Experimental Procedures), which 162 

facilitates a relatively unbiased comparison of alpha diversity across communities despite 163 

uneven sequencing depth (Haegeman et al., 2013). Alpha diversity did not differ between 164 

communities (Kruskal-Wallis p=NS) except for the OMZ_P cluster, which exhibited a 165 

significantly lower alpha diversity (Kruskal-Wallis p = 0.01). Beta diversity, a measure of 166 

the amount of the total diversity accounted for by a given community, was estimated 167 

(Figure 3C) via multivariate dispersion, which leverages distance-based ordination 168 

techniques to derive the average distance of all samples in a community from the 169 

community centroid (Anderson et al., 2006). Beta diversity was significantly lower in the 170 

OMZ regions than in the surface waters regarding both population composition (modified 171 

Gower's distance log10 p = 0.005) and abundance (modified Gower's distance log2, p = 172 

0.006) (Anderson et al., 2006). The lower alpha and beta diversities for OMZ samples, 173 

consistent with a previous study (Cassman et al., 2012), indicate that niche space is 174 

reduced as energetics of the system decreases along the redoxycline. A similar trend has 175 

also been suggested for microbial community distributions in previous studies (Bryant et 176 

al., 2012; Beman & Carolan, 2013; Bertagnolli & Stewart, 2018).  177 

Because the hierarchical clustering and diversity measures indicated that OMZ 178 

viral communities were distinct and relatively low in diversity, we next sought to identify 179 

the environmental features driving these patterns. To this end, we created ordination plots 180 

for the samples, as well as for the environmental features data (Figure 4A, 4B, 181 

respectively; stress plots Figure S5). Non-metric multidimensional scaling analysis 182 

(NMDS) with Bray-Curtis dissimilarity revealed that the 6 viral clusters (Figure 2) were 183 

.CC-BY-ND 4.0 International licenseavailable under a
was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made 

The copyright holder for this preprint (whichthis version posted July 22, 2020. ; https://doi.org/10.1101/2020.07.22.215772doi: bioRxiv preprint 

https://doi.org/10.1101/2020.07.22.215772
http://creativecommons.org/licenses/by-nd/4.0/


9 
 

distinct (Figure 4A, stress plots Figure S5). These findings were also supported 184 

statistically by ANOSIM (community R stat 0.855, p = 0.001 after 999 permutations) and 185 

by MRPP (distances within groups 0.528, between groups 0.872, overall 0.754, chance 186 

corrected within group agreement 0.351, p = 0.001). Together, these findings suggest 187 

ecologically distinct viral communities exist in samples within our dataset. 188 

In order to determine whether this separation between clusters could be explained 189 

by the measured environmental features, we compared ordinations based on viral 190 

populations (Figure 4A) and environmental features (Figure 4B). Similarities among the 191 

structures of these ordination plots and their underlying dissimilarity/distance matrices 192 

would indicate an environmental influence on the distribution of the viral communities. 193 

The structure of the viral community and environmental features ordination plots 194 

(Procrustes sum of squares 0.194, correlation 0.898, p = 0.001) (Figure S6) and trends 195 

in the dissimilarity/distance matrices (Mantels R = 0.675 p=0.001) were similar with the 196 

main structural difference being that the OMZ_P cluster was collapsed in the ordination 197 

created from the environmental features rather than separated into different OMZ sub 198 

groups. These results indicate that environmental features impact viral community 199 

distributions. While paired microbial community data were not available for comparison 200 

here, we posit, as done previously for surface ocean viral communities (Brum et al., 2013, 201 

Brum et al., 2015), that this reflects the environment associated biogeographical 202 

distribution of the resident microbial populations rather than a direct environmental impact 203 

on the viral populations. 204 

Temperature and oxygen were the most descriptive gradients implicated in driving 205 

the biogeographical distributions of the viral communities (GAM and Pearson correlation; 206 
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temperature p<0.0001, oxygen p<0.001). The co-variation of these two factors is 207 

expected in our system, as both decrease with depth, from surface to core OMZ waters 208 

(Table S1, Figure S1A, and Figure S1B). We addressed this co-variance by comparing 209 

the structure and agreement between NMDS ordinations of the environmental features 210 

and the viral community distributions again, but with the iterative removal of these 211 

parameters (removal of temperature in Figure 4C, removal of oxygen in Figure 4D) to 212 

determine which of these features was most important in retaining the similarity between 213 

these ordination analysis. The removal of temperature had an almost negligible impact 214 

on the relationship between the environmental features and the community distributions 215 

(Procrustes sum of squares 0.195, correlation 0.897, p = 0.001) indicating a relatively 216 

lower overall impact on the viral community structure. However, removal of oxygen 217 

reduced the relationship considerably (Procrustes sum of squares 0.385, correlation 218 

0.784, p = 0.001), suggesting that, not surprisingly, oxygen was the most important driver 219 

of viral community composition (particularly the distinction between the communities 220 

found in the surface oxygenated water and the OMZ). Again, presumably this is due to 221 

the effect of oxygen on microbial populations rather than oxygen directly impacting the 222 

viruses. 223 

Previous studies have indicated that OMZs have unique microbial and viral 224 

communities compared to the rest of the ocean (Madrid et al., 2001; Fuchs et al., 2005; 225 

Steven and Ulloa, 2008; Cassman et al., 2012; Wright et al., 2012). In order to determine 226 

to what extent the ETSP viral communities overlap with other oceanic viral communities, 227 

we evaluated whether our ETSP OMZ virus populations were among the ~488K viral 228 

populations available in the Global Ocean Virome version 2.0 dataset (Gregory et al., 229 
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2019), and if so, assessed their biogeography. Using MMseq2, we identified viral 230 

populations from our study that shared 95% identity (over 50% of the ETSP query protein 231 

coding sequence) with the GOV2.0 populations (see Experimental Procedures). In total 232 

2,763 of our 46,127 ETSP viral populations were also observed in the GOV2.0 dataset 233 

(Figure 5A), with about half (1,466) from OMZ samples (Table S4). Among these shared 234 

ETSP OMZ viruses, most (77%) were only found in other OMZ samples (O2 concentration 235 

below 10 µmol/L) (Helly & Levin, 2004) (Table S4). This shows that virtually all of our 236 

ETSP OMZ viral populations are endemic to OMZs, which is consistent with prior work 237 

(Cassman et al., 2012) where viral genotypes were evaluated (rather than viral 238 

populations) and where the geographical context was drastically reduced (only 4,552 viral 239 

genotypes were available for comparison as opposed to the 46,127 assessed here). 240 

To further explore how the identified ETSP viral populations compared to known 241 

viruses in the RefSeq database, we used gene sharing networks where viral clusters 242 

(VCs) are approximately genus level taxonomy (Bolduc et al., 2017, Jang et al., 2019). 243 

With the sequences from viral RefSeq (v85) and the 10kb and larger viral populations in 244 

this study, these analyses clustered 10,632 viral populations into 1,465 VCs (Figure 5B), 245 

4,020 viral populations into outliers (where populations were assigned to a VC but shared 246 

fewer similar proteins than the bulk of the cluster), and 482 viral populations into 247 

singletons (populations that did not cluster with any other sequences). Only 27 VCs 248 

included known reference viral sequences, which suggests that 98% (1438/1465) of the 249 

VCs derived from the ETSP OMZ dataset likely represent novel viral genera. If true, this 250 

is a 5-fold expansion of viral genus sequence space recovered from our analysis, as 251 

compared to RefSeq. Within the ETSP, 28% of the VCs identified in the OMZ sample 252 
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were not present in any of the surface or oxycline samples further suggesting that the 253 

OMZ sample is distinct from the oxic habitats 254 

Finally, we sought to use read mapping against our expanded dataset of ETSP 255 

viral populations to provide a very gross metric of population stability in these systems as 256 

assessed against the previous shallow viral metagenomic sequencing (Cassman et al. 257 

2012). Less than 3% of the reads from Cassman et al. recruited to the ETSP viral 258 

populations, which corresponded to either as little as 1 or as much as 698 ETSP viral 259 

populations (using conservative vs permissive coverage cut-offs, see Experimental 260 

Procedures) being present in the prior dataset. This may represent high turnover in viral 261 

populations, but the inference does suffer from ascertainment bias due to the minimal 262 

sequencing available in the prior study.  263 

 264 

Conclusions 265 

OMZs have been expanding over the last 50 years as a result of rapidly escalating 266 

anthropogenic carbon dioxide emissions increasing atmospheric temperatures, which in 267 

turn has increased ocean temperatures and stratification – features that select for OMZ 268 

formation and expansion (Schmidtko et al. 2017). With these ocean changes, and the fact 269 

that the oceans are a major carbon dioxide sink where microbes control that carbon’s 270 

fate, it becomes critical to understand how microorganisms will respond to and impact 271 

such changes (Cavicchioli et al., 2019). Viruses that infect these microbes also become 272 

important to understand. In this study, we present the largest survey of viruses from an 273 

OMZ – 46,127 unique viral populations across 6 stations at the ETSP OMZ (Figure 1). In 274 

ETSP, OMZ viral communities were distinct and relatively low in diversity compared to 275 
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oxygenated, surface waters (Figure 2; Figure 3), with oxygen as the most important 276 

driver of viral community composition (Figure 4D). These viruses are more similar to 277 

viruses from other OMZs and are novel (Figure 5A, Figure 5B). This is congruent with 278 

previous studies that have shown OMZs have unique and low diversity microbial 279 

communities, compared to the rest of the ocean (Madrid et al., 2001; Fuchs et al., 2005; 280 

Wright et al., 2012), which may result from the reduced redox potential of the prevalent 281 

electron acceptors in OMZs. 282 

Though a large study, limitations are as follows. First, we cannot link the viruses 283 

to their microbial hosts because there is a lack of metagenomic samples from which we 284 

could construct metagenomically assembled genomes (MAGs), and such co-sampled 285 

MAGs improve virus-host linkages typically 5-fold or more (Emerson et al, 2018). Though 286 

AMGs are important in the surface oceans (reviewed in Rosenwasser et al., 2016, Hurwitz 287 

& U’Ren, 2016), they were not studied here as they are the focus of a parallel study from 288 

the same dataset that revealed viral genomes that contain AMGs associated with the 289 

denitrification, nitrification, and other nitrogen cycle processes, suggesting that these 290 

OMZ viruses influence the nitrogen cycle (Gazitua et al, submitted). Future work in OMZs 291 

should be enabled by our current findings and the vast sequence database of reference 292 

virus genomes that will empower a new generation of researchers to evaluate viral roles 293 

in modulating microbial population dynamics and biogeochemical cycling climate-critical 294 

OMZs as they expand due to climate change.  295 

 296 
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 304 

Experimental Procedures 305 

Sample collection 306 

On December 31, 2014 – January 22, 2015, six stations spanning a transect from 307 

coastal to pelagic waters in the ETSP OMZ region (off the coast of Peru) were sampled 308 

during the cruise AT-2626 aboard the R/V Atlantis. Volumes of 20 liters were collected 309 

using a pump profiling system (PPS), equipped with a Seabird SBE 25 Conductivity 310 

Temperature Depth (CTD), a WET Labs ECO-AFL/FL fluorometer, a Seabird SBE 43 311 

dissolved oxygen sensor and a STOX sensor for nanomolar scale measurements of 312 

oxygen concentrations (detection limit of of 1-10 nmol L–1 O2). Oxygen detection limits 313 

using this sensor was about 0.02 μmol/L. High nitrite concentrations are found in waters 314 

with <50 nM of oxygen (Thamdrup et al., 2012). However, nitrite values in our sampling 315 

were only available for 3 samples (Table S1). In the cases where nitrite values were not 316 

obtained for a sample, nitrite values from adjacent depths (±10m) were used if available. 317 

Concentrations of dissolved oxygen, nitrite, and other metadata can be found in 318 

Table S1. Sampling depths were selected according to variation in oxygen and 319 

chlorophyll concentrations, such as the surface chlorophyll maximum, the suboxic upper 320 
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oxycline, the anoxic upper OMZ (with or without a deep chlorophyll maximum), and the 321 

core of the OMZ (Figure 1, Table S1). Samples for nitrite were filtered using a 0.2 µm 322 

cartridge filter. Filtrate was collected into sterile FalconTM tubes and stored upright at -323 

20°C until analysis. Nitrite concentrations were measured using an Astoria-Pacific 324 

autoanalyzer and standard colorimetric methods (Parsons et al., 1984), with a limit of 325 

detection (LOD) of 0.02 µM NO2-, (3σ, n = 7) (Selden et al., submitted). 326 

Viral particles of the 22 samples were concentrated from the filtrate by iron chloride 327 

flocculation (John et al., 2011; Duhaime & Sullivan, 2012). Viral concentrates were then 328 

collected on a 1.0μm, 142mm, polycarbonate (PC) membrane (GE Water and Process 329 

Technologies, Trevose, PA, USA; Cat. #K10CP14220) and stored at 4 °C. The viral-iron 330 

precipitates were resuspended overnight in ascorbic-EDTA buffer (0.1 M EDTA, 0.2 M 331 

Mgcl, 0.2 M ascorbic acid, pH 6.0), rotating in the dark at 4°C. DNaseI at 100U ml-1 332 

concentration was added to the final viral concentrate to remove any free DNA (Hurwitz 333 

et al., 2013). Viral DNA was then extracted using a Wizard DNA purification kit (Promega) 334 

with 1 ml resin to 0.5 ml sample. Samples yielding more than 1μg DNA (7 out of 22) were 335 

further purified using CsCl buoyant density gradients (Hurwitz et al., 2013). Viral contigs 336 

detected in the CsCl purified samples were retained only if they clustered into populations 337 

with viruses from the non-purified samples and became the representative contig of the 338 

population (the longest contig) (see Assembly and processing). Ecological analyses were 339 

then performed using the only 22 DNase-purified samples and representative contigs 340 

from all samples. DNA samples were submitted to JGI for library preparation and Nextera 341 

sequencing on an Illumina Hiseq 2000. 342 

 343 
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Assembly and processing 344 

Data processing and metagenomic analyses were performed using high-memory 345 

computer nodes from the Ohio State Supercomputer Center (Ohio State Supercomputer 346 

Center). Trimmomatic version 0.33 was used to remove Nextera adapters, to split reads 347 

into paired and unpaired groups, and to trim reads with low quality regions below a Phred 348 

score threshold of 15, using a sliding window of 4 bases (Bolger et al., 2014). Reads from 349 

each sample, with or without the CsCl purification step, were then assembled with Spades 350 

version 3.11.1, using the --meta option with paired end reads and the --sc and --careful 351 

options with unpaired reads, both with kmers of 21, 33, and 55 bases (Nurk et al., 2017). 352 

The resulting scaffolds were then clustered into population scale groups at 95% ANI over 353 

80% of the shorter sequence using an in-house wrapper script for nucmer, run with default 354 

settings (Kurtz et al., 2004; Brum et al., 2015). 355 

 356 

Viral identification  357 

Population contigs larger than 5 kb were processed with the viral identification tools 358 

VirSorter and Virfinder (Roux et al., 2015; Ren et al., 2017), and CAT (Cambuy et al., 359 

2016), based on the steps described in Gregory et al. (2019). Populations with VirSorter 360 

categories 1 or 2, or with a VirFinder score ≥ 0.9 and a p-value < 0.05 were considered 361 

to be viral, as well those with VirSorter categories 3 to 6 and a VirFinder score >= 0.7 and 362 

a p-value < 0.05. Contigs with VirSorter categories 4 and 5 and a VirFinder score < 0.7 363 

were manually curated to check if they were misannotated as prophages. If so, they were 364 

re-assigned to categories 1 or 2, respectively, and considered viral. Contigs with a 365 

VirFinder score between 0.7 and 0.9 (p-value < 0.05), without a VirSorter category, were 366 
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run through CAT and those with < 60% of the genome classified as bacterial, archaeal, 367 

or eukaryotic (based on an average gene size of 1000) were considered viral. Table S5 368 

shows the VirSorter, VirFinder, and CAT assignments for each viral population. 369 

 370 

Viral relative abundances 371 

In order to determine the relative abundance of each viral population larger than 372 

5kb, the final viral populations were concatenated and then used as a database to recruit 373 

the quality trimmed reads using a custom wrapper script for bowtie2, which automatically 374 

determines groupings of paired and unpaired reads (Langmead & Salzberg, 2012). The 375 

resulting coverage files were then converted into a relative abundance table with the per 376 

population coverages using a custom wrapper script for BamM 377 

(https://github.com/ecogenomics/BamM). Coverages were calculated using the tpmean 378 

algorithm and adjusted coverages were calculated based on the coverage of each viral 379 

population per Gb of metagenome sequenced. Relative coverages were only reported if 380 

more than 75% of the population had at least 5x coverage, with at least 90% identity over 381 

90% of the read. For reference, Figure S7 shows the sequencing depth and number of 382 

reads that mapped to viruses for each sample. 383 

In order to determine the fraction of the ETSP viral population that was also 384 

identified in the Cassman et al. (2012) study, the high quality, trimmed reads from 385 

Cassman et al. 2012 were downloaded from MGrast and recruited to the ETSP 386 

populations as described above for the abundance estimates. Due to a low number of 387 

ETSP viral populations being recovered with the stringent coverage threshold above, we 388 
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eliminated the viral population coverage threshold to allow for more permissive read 389 

recruitment with the reads from Cassman et al. (2012). 390 

 391 

Cluster identification 392 

Clusters were inferred using a combination of affinity propagation using the R 393 

function APCluster with options negDistMat(r=2) (Frey & Dueck, 2007; Bodenhofer et al., 394 

2011) and a gap statistic using the R function clusGap with options kmeans, 10, and  B = 395 

100, (Tibshirani et al., 2001), resulting in an estimation of between 5 and 8 statistically 396 

supported groups. The relative abundances of the viral populations were then used in 397 

multiple permutations of a hierarchical clustering analysis with minkowski distances (p=2) 398 

to identify an approximation of the viral communities (Suzuki & Shimodaira, 2006). 399 

Viromes clustered with an approximately unbiased bootstrap value of 100% were 400 

considered viral communities. Viral population distributions among the viral communities 401 

were visualized with a heatmap plotted using the R package heatmap3. Bray Curtis 402 

distances were then plotted in a similar fashion to further validate the observed clustering 403 

patterns (Bray & Curtis, 1957). 404 

The names of the 6 clusters in Figure 2 were generated to be as descriptive as 405 

possible, using similar abbreviations from Figure 1. The clusters ‘OXY_SCM_1’ and 406 

‘OXY_SCM_2’ denote clusters consisting of samples from oxycline and surface 407 

chlorophyll maximum. The ‘SCM’ cluster has samples from the surface chlorophyll 408 

maximum only. The ‘OMZ_C’ cluster has OMZ samples from the coastal St16, the 409 

‘uOMZD’ cluster has samples from the upper OMZ with deep chlorophyll maximum, and 410 

the ‘OMZ_P’ has samples from the pelagic OMZ core. 411 
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 412 

Comparison with environmental features 413 

Distances within and between viral communities, as defined by the hierarchical 414 

clustering, were evaluated using nonmetric multidimensional scaling with Bray Curtis 415 

distances and 999 permutations or until convergence using the R package vegan and the 416 

function metaMDS (Field et al., 1982; Oksanen et al., 2018). The statistical significance 417 

of the viral community groups was then validated by comparing the within community and 418 

between community distances with MRPP and ANOSIM (Mielke et al., 1976; Clarke, 419 

1993). Standardized Z-score and raw environmental feature measurements were then 420 

correlated with the viral community ordination using maximum linear and GAM non-linear 421 

algorithms using the R package envfit and odrisurf respectively (Clarke & Ainsworth, 422 

1993). The environmental features that were used for these correlations are found in 423 

Table S1. Note that nitrite values were not used because they were only available from 424 

3 samples directly (other samples had nitrite values taken from adjacent depths). 425 

Known co-correlations between significant environmental features were then 426 

addressed by comparing distances between samples according to the relative 427 

abundances of the viral populations and the measured environmental features 428 

(Sunagawa et al., 2015). The standardized and raw environmental features were 429 

represented in ordination space using NMDS and Manhattan distances with 999 430 

permutations until convergence (Field et al., 1982). Relationships between the 431 

standardized or raw environmental features and viral community ordinations were then 432 

evaluated, with and without the removal of a specific environmental feature of interest, 433 

using a Procrustes analysis and Mantel test (Mantel, 1967; Jackson, 1995). Analyses 434 
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conducted with the standardized and raw environmental features were congruent, but 435 

more easily interpreted with the raw environmental features, and thus, results from the 436 

raw numbers are reported in the main text. 437 

 438 

Alpha diversity, beta diversity, and evenness 439 

Diversity estimates were based on the relative abundance tables generated via 440 

read recruitment. Evenness, as a measure of the relative similarity among population 441 

abundances within a community, was calculated manually using equation H/ln(S) where 442 

H is the Shannon Wiener diversity index per community, calculated with the vegan 443 

diversity application in R using the option index = "shannon", and S is the observed 444 

species richness of the community, calculated using the vegan application specnumber 445 

in R (Shannon, 1948; Pielou, 1966). Simpson concentration indices were calculated per 446 

viral community using the R package vegan and the application diversity with the option 447 

index = "invsimpson" (Simpson, 1949). Alpha diversities were represented as the inverse 448 

simpson concentration in order to facilitate the representation of statistically significant 449 

differences between communities (Jost, 2006) and to mitigate the uncertainties in 450 

diversity estimates due to variations in sampling effort (Haegeman et al., 2013). 451 

We then compared beta-diversity among the 6 communities as a measure of the 452 

amount of the total diversity within a system accounted for by a given habitat, using a 453 

multivariate dispersion analysis. This approach facilitates attributing the observed 454 

diversity to only population composition or to population composition and abundance 455 

based on modified Gower distances (Anderson et al., 2006). Raw normalized relative 456 

abundance tables were first log transformed using the R application “decostand” and 457 
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options method = "log" and logbase = 2 or 10. Distances were then calculated using the 458 

vegan application “vegdist” and the options method = "altGower" in R. The multivariate 459 

dispersion analysis was then performed on these distance matrices using the vegan 460 

application “betadisper”, “anova”, and “permutest” in R with defined groups from the 461 

hierarchical clustering analysis above. 462 

 463 

Endemism within ETSP 464 

Viral populations were clustered into approximately genus level taxonomic groups 465 

using the network analytic vConTACT2 (Jang et al., 2019) in order to determine the 466 

relative proportion of each viral genus found within a community or shared across ETSP 467 

OMZ communities. Viral ORFs were first predicted and translated from the viral 468 

populations larger than 10 kb using Prodigal version 2.6.3 with the -p meta option (Hyatt 469 

et al., 2010). These predicted ORFs were then used to cluster the 10 kb populations 470 

amongst themselves and with viral Refseq version 85 using vConTACT2 with default 471 

parameters. Specific viral genera in each community were evident from the resulting 472 

network, so the relative abundance of each genus was determined by summing the 473 

relative abundances of the viral populations included in each genus. Genus abundance 474 

data were then tabulated and visualized using the R packages ggplots (Wickham, 2016).  475 

Sequence comparisons were then used to determine the amount of ETSP viral 476 

populations larger than 5 kb that were identified in other regions of the ocean. MMseq2 477 

using the easy-search command and with a 95% identity over 50% of the query protein 478 

coding sequence was used to compare the ETSP viruses with the 488k viral populations 479 

identified in the GOV2.0 database (Hauser et al., 2016; Gregory et al., 2019) (Table S4). 480 
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The abundance and distribution of each GOV2.0 population identified was then evaluated 481 

to determine the habitats in which these populations were found. A stacked bar chart was 482 

then created to show the proportional abundance of each ETSP population with 483 

significant similarity to a population in GOV2.0, and the habitat wherein each GOV2.0 484 

population was identified. 485 

 486 

Data availability 487 

All high-quality reads and assembled contigs are available on iVirus (CyVerse, 488 

https://doi.org/10.25739/mmj5-kt58). Requests for further information should be directed 489 

to MBS at sullivan.948@osu.edu. 490 

 491 
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 691 

Table and Figure Legends 692 

Figure 1. Map of the study area and vertical characterization of the sampling 693 

stations. A. Location of stations 7, 8, 14, 16, 17, and 18, off the coast of Peru in the ETSP 694 

OMZ. The map was created with Ocean Data View (http://odv.awi.de). B. Oxygen (solid 695 

blue line) and fluorescence/chlorophyll (solid green line) depth profiles from each station. 696 

Samples were collected at depths indicated by lines with the colored circles to depict the 697 

sample type: surface chlorophyll maximum in yellow, oxycline in orange, upper OMZ with 698 

deep chlorophyll maximum (DCM) in green and without DCM in light blue, and OMZ core 699 

in dark blue.  700 

 701 
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Figure 2. Hierarchical clustering of samples based on normalized relative 702 

abundances of viral populations revealed 6 clusters. Each row represents a different 703 

sample, labelled by station and sample type (scm = surface chlorophyll maximum, oxy = 704 

oxycline, uomzD = upper OMZ with deep chlorophyll maximum, uomz = upper OMZ 705 

without DCM, and omz = omz core). Each column represents a different viral population 706 

(≥ 5kb), where the normalized relative abundance values (log10 transformed) are shown 707 

in grayscale. RPKM means Reads Per Kilobase, per Million mapped reads. 708 

“Approximately unbiased” bootstrapping values are represented as a proportion of 100 709 

permutations. 710 

 711 

Figure 3. Diversity measures for the 6 main viral community clusters. A. Evenness 712 

across the 6 clusters. B. Alpha Diversity. C. Beta Diversity, where red corresponds to the 713 

beta diversity differences resulting from abundance while blue represents the beta 714 

diversity differences related to composition. The top and bottom of each box show the 715 

standard deviation while the line inside the box shows the mean. Points within each box 716 

represent the number of samples per community. 717 

 718 

Figure 4. Environmental influence on the distribution of viral communities.  A. Viral 719 

community ordination using NMDS and Bray-Curtis dissimilarities. Each of the 6 distinct 720 

communities are incorporated into the outlined clusters and color coded. B. 721 

Environmental feature ordination using NMDS and Euclidean distance. The colors are the 722 

same as in A. C. A comparison between the viral community ordination and environmental 723 

feature ordination where temperature has been removed from the latter dataset. Each 724 
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arrow represents a sample’s spatial distance between ordinations, again with the same 725 

color coding. The statistical similarity between ordinations is represented as the 726 

Procrustes sum of squares where a lower value is more significant. D. The same 727 

comparison between the viral community ordination and environmental feature 728 

ordination, but with oxygen removed from the latter dataset. 729 

 730 

Figure 5. Sequence similarity to GOV2.0. A. ETSP sequence matches to GOV2.0 731 

sequences, separated and color coded by GOV2.0 sample type. Each bar along the x-732 

axis represents an ETSP community and each color along the y-axis represents the 733 

percent of relative abundance per GOV2.0 hit. Relative proportions within each 734 

community were calculated by summing relative abundances of each population within a 735 

GOV2.0 hit location, and then dividing that sum by the total sum of relative abundances 736 

with GOV2.0 hits (see Experimental Procedures). B. Distribution of viral clusters (viral 737 

genera) across each of the 6 communities. Each bar along the x-axis represents one viral 738 

cluster, colored by the percent of VC found in given community. 739 

 740 

Table S1. Metadata for the 22 samples collected and sequenced. Location and 741 

measurements of the selected environmental features sampled per site and depth. 742 

Samples are organized and labeled according to their respective cluster from the 743 

hierarchical clustering of the viral population abundances. 744 

 745 

Table S2. Sequencing information for each sample. For each of the samples used in 746 

this study, this table lists the number of raw read, number of reads following quality 747 
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control, the number of viral populations identified in each sample, and the number of reads 748 

that map to viral populations. 749 

 750 

Table S3. Relative abundances of the viral populations in each sample. The 751 

abundances were normalized across samples via number of viral sequencing reads and 752 

by the length of each sequence. 753 

 754 

Table S4. Comparison of viruses from ETSP and GOV2. Statistics for the ETSP viral 755 

populations with significant protein coding sequence similarity with GOV2.0, according to 756 

MMseq2 “easy-search”. Only sequences sharing 95% identity across 50% of the 757 

sequence are reported. 758 

 759 

Table S5. Categorization of viral populations. For each of the 46,127 viral populations, 760 

this table contains the VirSorter, VirFinder, and CAT assignments.  761 

 762 

Figure S1. Vertical distribution of oxygen, temperature and salinity of the 6 sampled 763 

stations. Oxygen, temperature and salinity depth profiles of the first 300 meters of each 764 

station. Colored circles indicate the depths where each of the 22 samples were collected: 765 

surface chlorophyll maximum in yellow (“scm”), oxycline in orange (“oxy”), upper OMZ 766 

with deep chlorophyll maximum (DCM) in green (“uomzD”) and without DCM in light blue 767 

(“uomz”), and OMZ core in dark blue (“omz”).  768 

 769 
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Figure S2. Gap statistic for the number of significant sample clusters. The cluster 770 

size, in number of samples, is where the observed within cluster distance is the smallest 771 

and yields the highest “gap” between expected within group distances. This was 772 

calculated using a null model, and observed within group distances. Here, clusters were 773 

derived by kmeans with 100 bootstraps and a maximize cluster size of 10. 774 

 775 

Figure S3. Affinity propagation analysis. Clustering of samples according to negative 776 

squared Euclidean distances, using default input and exemplar preferences. The lighter 777 

yellow color corresponds with a higher similarity score, and each cluster is represented 778 

in the dendrograms with color coded bars.  779 

 780 

Figure S4. Species accumulation curve. The number of species (viral populations) 781 

identified by 100 random sub-samplings of each of the pooled 22 samples across 782 

sampling depth and stations. Species richness estimations were computed using the 783 

jacknife2 estimator.  784 

 785 

Figure S5. NMDS stress plots of viral communities and environmental features. A 786 

comparison of the fit of the distances displayed in the NMDS ordination plot with the true 787 

Bray Curtis dissimilarities between each station.  788 

 789 

Figure S6. Ordination plot of environmental features. Procrustes comparison of the 790 

environmental features and viral populations. An alignment of the NMDS ordination 791 

plot created for the viral populations (Bray-Curtis dissimilarity) and environmental features 792 
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(Euclidean distance). No environmental features were removed from this comparison. 793 

Procrustes sum of squares is 0.194. 794 

 795 

Figure S7. Sequencing depth. Plot comparing the sequencing depth (gray bars), in 796 

terms of the number of post-quality control paired end reads, to the number of reads from 797 

that recruited to the identified viral populations, pooled from all samples (black bars). 798 

 799 
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