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Supplementary Results 20 

Overview of prokaryotic communities 21 

Based on 16S rRNA gene amplicon sequencing, this study assessed the 22 

composition, diversity, and spatial distribution of prokaryotic communities in sediments 23 

from the CCZ. Within each sediment depth layer, prokaryotic communities based on 24 

centered log-ratio (CLR)-transformed 16S rRNA gene counts showed no significant 25 

distance–decay relationship among sampling sites (Mantel test, P > 0.05; 26 

Supplementary Fig. 1a). Across the vertical sediment profile of the CCZ, principal 27 

component analysis (PCA) revealed clear depth-stratified clustering of prokaryotic 28 

communities (Supplementary Fig. 2a), and permutational multivariate analysis of 29 

variance (PERMANOVA) confirmed significant differences among sediment depths 30 

(pseudo-F = 4.46, R² = 0.21, P = 0.001). Prokaryotic richness, Shannon diversity, 31 

Shannon evenness, and phylogenetic diversity all showed significant declines with 32 

depth (Supplementary Fig. 2b). Further, Prokaryotic community composition was 33 

significantly correlated with TOC, Se, Ni, and Mn in the 0–2 cmbsf layer, whereas 34 

significant correlations with Se and Mo were observed in the 4–6 and 14–16 cmbsf 35 

layers, respectively (P < 0.05; Supplementary Fig. 15b). Taken together, these results 36 

suggest that prokaryotic community structure in the CCZ may be influenced by depth-37 

related environmental variation. At the horizontal scale, relatively homogeneous 38 

environmental conditions may lead to convergence of communities among sampling 39 

sites. In contrast, along the vertical profile, environmental differentiation and depth-40 

specific microbe–environment associations may jointly promote vertical differentiation 41 

of prokaryotic communities, consistent with an environmental filtering effect1. 42 

In contrast, the composition of dominant prokaryotic phyla remained largely 43 

similar across depths. Pseudomonadota (25.6–29.1% on average) was the most 44 

abundant phylum, followed by Chloroflexota (11.1–13.4%), Acidobacteriota (4.5–45 

5.7%), Gemmatimonadota (3.3–4.0%), NB1-j (1.7–2.5%), Nitrospirota (1.5–2.0%), 46 

and Myxococcota (1.3–2.0%) (Supplementary Fig. 2c). Interestingly, a large fraction of 47 



prokaryotic taxa (33.4–40.7%) were found not to be assigned to any known taxonomic 48 

groups, a proportion substantially higher than that reported in previous global sediment 49 

surveys2. This finding indicated the remarkable novelty of prokaryotic communities in 50 

the CCZ and the presence of abundant "dark matter" awaiting exploration. Consistently, 51 

recent investigation of benthic metazoans in the same region revealed that 52 

approximately 88% of the observed biodiversity had yet to be formally described3. 53 

Together, these findings highlight the exceptional biological novelty and unexplored 54 

biodiversity of deep-sea benthic ecosystems in the CCZ. 55 

 56 

Depth-related viral populations and proteins 57 

We identified shared and depth-enriched vOTUs across sediment depth layers. A 58 

total of 723 vOTUs (8%) were shared across all depth layers (Supplementary Fig. 8a). 59 

A total of 117 dominant vOTUs were identified using prevalence (> 90%) and relative-60 

abundance (> 0.1%) thresholds (Supplementary Fig. 8b), accounting for 44.5% of the 61 

total viral relative abundance. Depth-associated vOTUs were then identified using 62 

DESeq2 and grouped into four depth-related trend groups according to their mean 63 

normalized abundance patterns across depth layers (Supplementary Fig. 9). The 0–2 64 

cmbsf-associated group contained 75 vOTUs and declined progressively with depth, 65 

whereas the 14–16 cmbsf-associated group contained 90 vOTUs and showed the 66 

opposite pattern. Together, these results suggest that the viral community in CCZ 67 

sediments contained both core viral populations shared across sediment depth layers 68 

and viral populations enriched in specific depth layers. 69 

Depth-related variation was further assessed at the vPC level using a read 70 

recruitment approach. The number of detected vPCs varied from 48571 to 108,320 71 

across sediment depth layers, corresponding to 27.0–60.3% of all vPCs, while layer-72 

specific vPCs ranged from 9,371 to 57,268, corresponding to 19.3–52.9% of detected 73 

vPCs within each layer (Supplementary Fig. 10). In total, 65,674 vPCs (36.6%) were 74 

shared by more than one depth layer, including 11,803 vPCs (6.6%) shared across all 75 



layers. vPC sharing was generally higher between adjacent sediment layers than 76 

between more distant layers. Functional annotation indicated that most vPCs across 77 

depth layers were either unannotated (no hit) or assigned to unknown functions, and the 78 

distribution of high-level functional categories was broadly similar across layers 79 

(Supplementary Fig. 11). Overall, vPC distribution varied among sediment depth layers, 80 

whereas high-level functional categories were broadly similar. 81 

 82 

Environmental differences across depth 83 

A total of 10 environmental variables were measured in this study, including Fe, 84 

Mn, Cu, Ni, Zn, Se, Mo, Si, Total organic carbon (TOC), and Total nitrogen (TN; 85 

Supplementary Data 1). Overall, CCZ sediments were characterized by a metal-86 

enriched and low-organic-carbon background. Si was the most abundant component of 87 

the sediments, whereas Fe and Mn were the most abundant among the measured 88 

metallic elements. The average Fe content was approximately ninefold higher than that 89 

of Mn, consistent with previous reports4. The mean TOC content was 0.44 dry wt %, 90 

indicating a low-organic-carbon background comparable to that reported previously for 91 

this region5.  92 

Environmental variation among sampling sites within each sediment depth layer 93 

did not show a significant distance–decay relationship with geographic distance (P > 94 

0.05; Supplementary Fig. 12), indicating that the measured environmental variables 95 

were relatively homogeneous across sites at the same depth. In contrast, environmental 96 

variables varied significantly along the vertical sediment profile. Principal component 97 

analysis (PCA) revealed clear depth-related stratification of samples based on 98 

environmental variables (Supplementary Fig. 13), and permutational multivariate 99 

analysis of variance (PERMANOVA) further supported significant differences among 100 

depth layers (pseudo-F = 3.41, R² = 0.20, P = 0.001). 101 

To characterize depth-related variation in environmental variables, individual 102 

variables were evaluated using linear mixed-effects models, with sampling site included 103 



as a random effect. Significant depth-related differences were detected for Fe, Mn, Cu, 104 

Ni, Si, Zn, and Se (P < 0.05; Supplementary Fig. 14). Notably, Cu, Ni, Zn, and Se are 105 

essential micronutrients for microbial metabolism but may also exert toxic effects at 106 

elevated concentrations. Among them, Cu, Ni, and Se decreased downcore, and the 107 

combined concentration of these four elements was highest in 0–2 cmbsf layer. TOC 108 

did not vary significantly with depth, although mean values tended to decrease 109 

downcore. Overall, geochemical characteristics differed significantly among sediment 110 

depth layers in the CCZ. 111 



 112 
Supplementary Fig. 1. Distance–decay patterns of prokaryotic and viral community 113 

dissimilarity across sediment depth layers in the CCZ. a, Prokaryotic distance–decay 114 

relationships within each sediment depth layer: 0–2, 4–6, 8–10 and 14–16 cmbsf. b, 115 

Viral distance–decay relationships within each sediment depth layer: 0–2, 4–6, 8–10 116 

and 14–16 cmbsf. Prokaryotic and viral community dissimilarities between sites were 117 

quantified using Aitchison distance, calculated as Euclidean distance on CLR-118 

transformed read-count data. Associations between geographic distance and 119 

prokaryotic or viral community dissimilarity were assessed using Mantel tests based on 120 

Spearman’s ρ with 9,999 permutations. P values were adjusted across depth layers using 121 

the FDR procedure. Each point represents a pairwise comparison between sediment 122 

samples (0–2 cmbsf, n = 91 sample pairs; 4–6 cmbsf, n = 91; 8–10 cmbsf, n = 78; 14–123 

16 cmbsf, n = 66). Source data are provided as a Source Data file.124 



 125 
Supplementary Fig. 2. Distribution of prokaryotic composition and diversity across 126 

different sediment depths. a, Principal component analysis (PCA) of centered log-ratio 127 

(CLR)-transformed prokaryotic relative abundance profiles in the CCZ sediment. 128 

Ellipses indicate 95% confidence intervals around the centroids of each depth layer. 129 

PERMANOVA based on CLR-transformed prokaryotic relative abundance profiles 130 

showed that prokaryotic community structure differed significantly among depth layers. 131 

b, Distribution of prokaryotic diversity across different sediment depths. Chao1, 132 

Shannon diversity, Shannoneven, and Phylogenetic diversity indices of prokaryotic 133 

community diversity. Box plots show the median (centre line), the interquartile range 134 

(spanning from the 25th to the 75th percentiles), and whiskers extending to values 135 

within 1.5 × the interquartile range. Individual data points are shown as jittered points. 136 

Pairwise differences were assessed using two-sided Wilcoxon tests, with ***, **, *, and 137 

none represent P < 0.001, P < 0.01, P < 0.05, and P > 0.05, respectively. Overall 138 

differences were assessed using the two-sided Kruskal–Wallis test. c, Taxonomic 139 

compositions of prokaryotes across different sediment depths. Sample sizes were as 140 

follows: 0–2 cmbsf, n = 14; 4–6 cmbsf, n = 14; 8–10 cmbsf, n = 13; and 14–16 cmbsf, 141 

n = 12. Source data are provided as a Source Data file. 142 



 143 
Supplementary Fig. 3. Completeness, taxonomic composition, and lifestyle of the 144 

Clarion–Clipperton Zone virome (CCZV). a, Completeness and length of vOTUs. 145 

Completeness range: complete (100%); high-quality (90.0–100.0%); medium-quality 146 

(50.0–89.99%); low-quality (0.01–49.99%); not-determined. n indicates the number of 147 

vOTUs. b, Taxonomic compositions of CCZV viruses. c, Predicted lifestyles of vOTUs 148 

(completeness ≥ 90%) within the CCZV. Pie plot shows the proportion of unknown 149 

lifestyle (grey) and temperate (blue) viruses. Source data are provided as a Source Data 150 

file. 151 
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 153 
Supplementary Fig. 4. Taxonomic diversity of viruses in the CCZV. a, Gene-sharing 154 

network of viral sequences (≥ 5 kb) from sediments of deep-sea polymetallic nodule 155 

provinces and Viral RefSeq database. Nodes represent viral sequences, and edges 156 

connect significantly similar viral sequences. Node colors denote the origin 157 

environment of viral sequences. b, Venn diagram showing the number of shared viral 158 

clusters between the CCZV and Viral RefSeq database. 159 
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 161 

Supplementary Fig. 5. The Caudoviricetes phylogenetic tree of CCZV vOTUs over 162 

medium-quality and NCBI Refseq viruses inferred from concatenation of 77 marker 163 

proteins. Ring colors indicate viral family annotations (NCBI RefSeq) and virus sources, 164 

from the innermost to the outermost rings. The phylogenetic tree is rooted at the 165 

midpoint.  166 



 167 

Supplementary Fig. 6. Depth-associated variation in viral functional composition, 168 

diversity, and abundance. a, PCA of CLR-transformed read count data for viral protein 169 

clusters (vPCs) in CCZ sediments. Ellipses indicate 95% confidence intervals around 170 

the centroids of each depth layer. PERMANOVA based on CLR-transformed read-171 

count data for vPCs showed that viral functional structure differed significantly among 172 

depth layers (cmbsf). b, Chao1; c, Shannon diversity; d, relative abundance of the viral 173 

community. Sample sizes were as follows: 0–2 cmbsf, n = 14; 4–6 cmbsf, n = 14; 8–10 174 

cmbsf, n = 13; and 14–16 cmbsf, n = 12. Box plots show the median (centre line), the 175 

interquartile range (spanning from the 25th to the 75th percentiles), and whiskers 176 

extending to values within 1.5 × the interquartile range. Points beyond the whiskers 177 

represent outliers. Pairwise differences were assessed using two-sided Wilcoxon tests, 178 

with ***, **, *, and none represent P < 0.001, P < 0.01, P < 0.05, and P > 0.05, 179 

respectively. Overall differences were assessed using the two-sided Kruskal–Wallis test. 180 

Source data are provided as a Source Data file.181 



 182 

Supplementary Fig. 7. Viral genomic characteristics across different sediment depths. 183 

a, GC content; b, genome size; c, average molecular weight; d, N-ARSC; e, C-ARSC; 184 

f, S-ARSC of viral genomes across sediment depths. Sample sizes were as follows: 0–185 

2 cmbsf, n = 2,252; 4–6 cmbsf, n = 4,885; 8–10 cmbsf, n = 3,183; and 14–16 cmbsf, n 186 

= 3,266. Box plots show the median (centre line), the interquartile range (spanning from 187 

the 25th to the 75th percentiles), and whiskers extending to values within 1.5 × the 188 

interquartile range. Points beyond the whiskers represent outliers. Overall differences 189 

were assessed using the two-sided Kruskal–Wallis test. Source data are provided as a 190 

Source Data file. 191 

192 



 193 

Supplementary Fig. 8. Distribution of dominant vOTUs in the CCZ sediments. a, 194 

Shared vOTUs across different sediment depths. b, Prevalence and abundance pattern 195 

of vOTUs. Source data are provided as a Source Data file. 196 

  197 



 198 

Supplementary Fig. 9. Depth-associated abundance trend groups of depth-enriched 199 

vOTUs in CCZ sediments. Depth-enriched vOTUs identified by DESeq2 were 200 

clustered into four groups based on mean Z-score–standardized relative abundance 201 

patterns across four depth layers (0–2, 4–6, 8–10, and 14–16 cmbsf). Boxplots show 202 

the distribution of mean Z-scores for vOTUs within each group across depth layers, 203 

with the number of vOTUs in each group indicated in the panel titles. Source data are 204 

provided as a Source Data file. 205 

  206 



 207 
Supplementary Fig. 10. Shared and depth-specific viral protein clusters across the CCZ 208 

sediment profile. The UpSet plot summarizes overlap in vPCs across four depth layers 209 

(0–2, 4–6, 8–10, and 14–16 cmbsf). Connected intersection points indicate vPCs shared 210 

across the corresponding depth layer(s). Grey bars above indicate the number of shared 211 

vPCs for each intersection, and the accompanying donut charts show the functional 212 

composition of vPCs. Bars on the left depict the total number of protein clusters in each 213 

depth layer (grey) and the subset shared across depth layers (colored). Source data are 214 

provided as a Source Data file. 215 
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 217 

 218 
Supplementary Fig. 11. Relative composition of functional categories of viral proteins 219 

across four depth layers. Stacked bars show the percentage of vPCs assigned to each 220 

functional category in 0–2, 4–6, 8–10, and 14–16 cmbsf layers based on a unified 221 

annotation workflow. “Unknown” indicates proteins with database hits but without an 222 

assigned function, whereas “No hit” indicates proteins without significant matches in 223 

the queried databases. Source data are provided as a Source Data file. 224 
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 226 
Supplementary Fig. 12. Distance–decay patterns of environmental similarity across 227 

sediment depth layers in the CCZ. Environmental distance-decay relationships were 228 

evaluated within each depth layer: 0–2 cmbsf; 4–6 cmbsf; 8–10 cmbsf; and 14–16 229 

cmbsf. Environmental dissimilarity between sites was quantified as Euclidean distance 230 

based on environmental variables. The relationship between geographic distance and 231 

environmental dissimilarity was assessed using Mantel tests (Spearman’s ρ, 9999 232 

permutations), with P values adjusted across depth layers using the FDR procedure. 233 

Each point represents a pairwise comparison between sediment samples (0–2 cmbsf, n 234 

= 91 sample pairs; 4–6 cmbsf, n = 91; 8–10 cmbsf, n = 78; 14–16 cmbsf, n = 66). Source 235 

data are provided as a Source Data file. 236 
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 238 

Supplementary Fig. 13. PCA of environmental profiles across sediment depth layers. 239 

Environmental variables were log10(x + 1) transformed and z-score standardized prior 240 

to ordination. Each sampling site was colored and shaped according to depth layer 241 

(cmbsf), and 95% confidence ellipses were drawn around the centroid of each layer. 242 

PERMANOVA based on Euclidean distances of the transformed environmental data 243 

indicated significant depth-related differences in environmental conditions among 244 

layers (P = 0.001). Each data point represents an independent sediment sample 245 

collected from a separate sampling station (0–2 cmbsf, n = 14; 4–6 cmbsf, n = 14; 8–246 

10 cmbsf, n = 13; 14–16 cmbsf, n = 12). Source data are provided as a Source Data file. 247 



 248 

Supplementary Fig. 14. Depth-dependent variation in environmental variables across 249 

sediment layers. Boxplots show the distributions of selected environmental variables 250 

across sediment depth layers (0–2, 4–6, 8–10, and 14–16 cmbsf). Sample sizes were as 251 

follows: 0–2 cmbsf, n = 14; 4–6 cmbsf, n = 14; 8–10 cmbsf, n = 13; and 14–16 cmbsf, 252 

n = 12. Box plots show the median (centre line), the interquartile range (spanning from 253 

the 25th to the 75th percentiles), and whiskers extending to values within 1.5 × the 254 

interquartile range. Individual data points are shown as jittered points. Depth effects 255 

were tested using linear mixed-effects models (LMMs) with sampling site included as 256 

a random intercept to account for site-level non-independence. P values shown in each 257 

panel were adjusted for multiple comparisons using the FDR procedure. Source data 258 

are provided as a Source Data file. 259 



 260 

Supplementary Fig. 15. Mantel correlation analysis of environmental variables with 261 

viral and prokaryotic communities across different sediment depth layers in the CCZ. 262 

a, Viral community composition was tested for associations with individual 263 

environmental variables within each sediment depth layer. b, Prokaryotic community 264 

composition was tested for associations with individual environmental variables within 265 

each sediment depth layer. Line thickness indicates the strength of the Mantel 266 

correlation, and significant correlations are shown for P < 0.05. Pairwise relationships 267 

among environmental variables are shown by a color gradient representing Pearson’s 268 

correlation coefficients were assessed using two-sided tests (*P <0.05, **P <0.01, ***P 269 

<0.001). Sample sizes were as follows: 0–2 cmbsf, n = 14; 4–6 cmbsf, n = 14; 8–10 270 

cmbsf, n = 13; and 14–16 cmbsf, n = 12. Source data are provided as a Source Data file. 271 

 272 



 273 

Supplementary Fig. 16. Upsets plot showing shared viral clusters among different 274 

habitats. Source data are provided as a Source Data file.275 



 276 

Supplementary Fig. 17. Relative composition of functional categories of viral proteins 277 

across deep-sea ecosystems. Stacked bars show the percentage of viral proteins 278 

assigned to each functional category in CCZV, hydrothermal vents, trenches, and cold 279 

seeps based on a unified annotation workflow. “Unknown” indicates proteins with 280 

database hits but without an assigned function, whereas “No hit” indicates proteins 281 

without significant matches in the queried databases. Source data are provided as a 282 

Source Data file. 283 
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 285 
Supplementary Fig. 18. Heatmap showing the MW-score for each metabolic pathway 286 

and the percentage contribution of each microbial groups to the scores. Functional 287 

potentials of MAGs were annotated and predicted with METABOLIC v4.0. Source data 288 

are provided as a Source Data file. 289 

  290 



 291 

Supplementary Fig. 19. Genomic prevalence of metabolic pathways associated with 292 

major biogeochemical processes in CCZ MAGs. The pathway panels summarize the 293 

number and proportion of CCZ MAGs in which key genes for each pathway were 294 

detected. a, carbon cycling; b, nitrogen cycling; c, sulfur cycling; d, other metal cycling. 295 

Functional potentials of MAGs were annotated and predicted with METABOLIC v4.0. 296 

Source data are provided as a Source Data file. 297 

  298 



 299 

Supplementary Fig. 20. Comparison of metal resistance gene (MRG) carriage in MAGs 300 

from the CCZ and other deep-sea habitats. a, prevalence of MRG carriage across MAGs; 301 

b, MRG density per genome among MRG-carrying MAGs; c, MRG density per 302 

megabase (Mb) among MRG-carrying MAGs. MAGs were grouped into three 303 

completeness categories (%): 50–70, 70–90, and ≥90. Source data are provided as a 304 

Source Data file. 305 

  306 



 307 
Supplementary Fig. 21. Bubble chart showing virus-host connections for key 308 

prokaryotes involved in metabolic processes. Functional potentials of host MAGs were 309 

annotated and predicted with METABOLIC v4.0. Source data are provided as a Source 310 

Data file.311 



 312 
Supplementary Fig. 22. Relative abundance patterns of viruses and their predicted hosts 313 

in CCZ sediments. a, Relative abundances of vOTUs and their predicted hosts, grouped 314 

by the host taxonomy. b, Significant Pearson correlations between relative abundances 315 

of viruses and corresponding host taxa. Statistical significance was assessed using two-316 

sided tests. c, Density plots showing variation in virus–host abundance ratios (VHR) 317 

across different sediment depths. d, Lineage-specific VHR for all predicted prokaryotic 318 

hosts. The red line indicates a 1:1 ratio. Bar plots represent relative abundances of hosts, 319 

while line plots indicate VHR values. Source data are provided as a Source Data file.320 



 321 

Supplementary Fig. 23. Histogram and kernel density distributions of virus-host 322 

correlations in CCZ sediment across different depth layers. For each sediment depth 323 

layer, two-sided Spearman's rank correlations were calculated between the CLR-324 

transformed abundance profiles of each vOTU and its predicted host across sampling 325 

sites. Colored histograms show the probability density of correlation coefficients for 326 

each viral lifestyle group: orange, pink, and blue represent all viruses, temperate viruses, 327 

and viruses with unknown lifestyle, respectively. Higher density values indicate that 328 

more virus–host pairs have correlation coefficients within that range. Solid curves 329 

denote kernel density estimates. Vertical dashed lines indicate the mean correlation (r) 330 

for each distribution. Source data are provided as a Source Data file. 331 
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 333 
Supplementary Fig. 24. Distribution of metal resistance genes (MRGs) across different 334 

sediment depths. a, Relative abundances of various MRG types. b, Total MRG 335 

abundance across sediment depth layers. Sample sizes were as follows: 0–2 cmbsf, n = 336 

14; 4–6 cmbsf, n = 14; 8–10 cmbsf, n = 13; and 14–16 cmbsf, n = 12. Box plots show 337 

the median (centre line), the interquartile range (spanning from the 25th to the 75th 338 

percentiles), and whiskers extending to values within 1.5 × the interquartile range. 339 

Individual data points are shown as jittered points. Overall differences were assessed 340 

using the two-sided Kruskal–Wallis test. Source data are provided as a Source Data file. 341 
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 343 
Supplementary Fig. 25. Spearman correlations between virus-encoded metal resistance 344 

genes (MRGs) and environmental variables across sediment depth layers in the CCZ. 345 

Spearman correlation coefficients were calculated separately for each depth layer using 346 

CLR-transformed read counts of virus-encoded MRGs and log1p-transformed 347 

environmental variables. Color intensity indicates the Spearman correlation coefficient 348 

(r), and asterisks denote significant correlations based on two-sided tests (*P < 0.05, P 349 

< 0.01). Source data are provided as a Source Data file. 350 
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 352 

Supplementary Fig. 26. Number of AMGs in each KEGG metabolic pathway. Source 353 

data are provided as a Source Data file. 354 

  355 



 356 

Supplementary Fig. 27. Genome map of representative AMGs encoding virus. Source 357 

data are provided as a Source Data file. 358 
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 360 
Supplementary Fig. 28. Predicted three-dimensional structures of six virus-encoded 361 

heme oxygenase (HO)-like proteins (HO1–HO6). Structural models were generated 362 

using Phyre2 and matched against templates in the Protein Data Bank (PDB). All six 363 

proteins showed 100% confidence structural similarity to known heme oxygenase. 364 

  365 



 366 

Supplementary Fig. 29. Maximum-likelihood tree including the 6 viral heme oxygenase 367 

sequences and reference microbial homologs from the NCBI nr database. The tree was 368 

constructed using FastTree and visualized with iTOL. Virus-encoded heme oxygenase 369 

sequences are highlighted in red. 370 
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