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Supplementary Figures 

 

Supplementary Figure 1. Schematic representation of the bioinformatic workflow 

for: A. The assembly and identification of viral populations (VirION: Long-read 
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assembly and hybrid long- and short-read assembly; ANI: Average Nucleotide 

Identity; GOV/GOV 2.0: Global Ocean Virome 21); B. The construction of 

Metagenome Assembled Genomes (MAGs); C. The abundance and diversity 

calculation of viral populations; D. The abundance calculation of known 

cyanophages and pelagiphages; E. Viral Hypervariable Region (HVR) recovery and 

identification. 
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Supplementary Figure 2. Recovery of viral populations by long read 

sequencing which are missed by short reads is not a function of sequencing 

depth. A. Fragmentation (number of breakages) verses recovery (percentage 

aligned) of (n = 115) viral population genomes represented by long-read assemblies 

after alignment of short-read derived population member contigs; data-point sizes 

represent relative abundances (RPKM). B. Relative abundance (RPKM) of long-read 

viral population representatives that have short-read viral population members (n = 

115), versus the percentage of long-read population representative genome 

recovered after alignment with short read population cluster members. C. Relative 

abundance (RPKM) of all long-read population representatives (n = 1410), versus 

the percentage of long-read population representative genome recovered after 

alignment with all short-read contigs >1kb. 

  



6 
 
 

A  

 

B  

Supplementary Figure 3. Principal coordinates analysis (PCoA) of a Bray-Curtis 

dissimilarity matrix calculated from mapping Global Ocean Virome 21 (GOV 2.0) 

reads and Sargasso Sea short reads to a combined dataset of Sargasso Sea and 

GOV 2.0 viral populations with lengths greater than 10 kbp (n = 152,979; ARC: 

Arctic; ANT: Antarctic; TT-EPI: temperate and tropical epipelagic; TT-MES: 

temperate and tropical mesopelagic). A. Viral community structure was suggested by 



7 
 
 

ellipses drawn at 95% (inner) and 98% (outer) confidence intervals (Conf) and 

analysis of variance (two-sided Adonis, p-value = 0.001): B. Three outlier GOV 2.0 

viromes (station 155_SUR, station 72_MES, station102_MES1) were not removed. 

 

 

 

Supplementary Figure 4. Principal coordinates analysis (PCoA) of a Bray-Curtis 

dissimilarity matrix calculated from mapping Sargasso Sea short reads to Sargasso 

Sea viral populations (n = 1,044) derived from short-read assemblies. Viral 

community structure was suggested by ellipses drawn at 95% (inner) and 98% 

(outer) confidence (Conf) intervals and analysis of variance (two-sided Adonis, 

p-value = 0.001). 
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Supplementary Figure 5. Top 100 most abundant Sargasso Sea viral populations 

identified from (n = 1044) viral populations derived from short-read only assemblies: 

presence-absence in 80 m viral samples, 80 m cellular samples, 200 m viral 

samples, and 200 m cellular samples. 
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Supplementary Figure 6. Relative abundance of the SAR11 (coloured navy) and 

Prochlorococcus (coloured green) Amplicon Sequence Variants (ASVs) contribution 

to the total amplicons sequenced during the sampling in cruise. Top panel depicts 

the relative abundances at a depth of 80 m and the bottom panel at 200 m. 
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Supplementary Figure 7. Abundance (RPKM) of known cyanophages (coloured 

yellow) and pelagiphages (coloured blue) in short-read data from: Viral fraction 

samples from this study and Global Ocean Virome 2.01 samples (ANT: Antarctic; 

TT-EPI: temperate and tropical epipelagic; TT-MES) at minimum genome coverage 

cut-off values of: A. 40%; B. 80%. Cellular fraction samples from this study and 

published cellular metagenome samples from the Sargasso Sea2 (Biller) at minimum 

genome coverage cut-off values of: C. 40%; D. 70%. Note that no known 

pelagiphages were detected at ≥40% minimum genome coverage cut-off in any 

Sargasso Sea cellular fraction metagenomes. Cleaned Illumina sequences were 

competitively recruited (at ≥90% read length at ≥95% identity) to a dereplicated (at ≥ 

95% nucleotide identity across ≥ 85% genome length) database of all published 

cyanophage and pelagiphage isolate genomes (plus control Escherichia phage T4).  
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Supplementary Figure 8. Phylogenetic tree constructed using terminase (TerL) 

genes from published pelagiphage genomes (orange), non-pelagiphages (black), 

Pelagibacterales (purple; identified via BLAST hits against terminase from known 

pelagiphages) and the 100 most abundant Sargasso Sea viral populations (green; 

TerL genes aligned using E-INS-i strategy; bootstrapping: 1000 iterations; clades 

subsampled for clarity). 
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Supplementary Figure 9. Average microdiversity (π) across Sargasso Sea viruses 

from both depths sampled (80 m and 200 m). Mean π was calculated as Gregory et 

al 1: 100 π values were randomly subsampled from short-read Sargasso Sea 

viromes (n = 2,049) with replacement; the distribution mean π was generated via 

bootstrapping (1000 iterations), and 95% confidence intervals were calculated using 

the quantiles of this distribution.  
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Supplementary Figure 10. The permuted percentage increase of ~30% between 

average microdiversity values (mean π; calculated as Gregory et al1) of Sargasso 

Sea viruses from 80 m and 200 m (respectively): A. 30.041% (-11.381 - 83.604, 95% 

CI), was not found to be significant; B. permuted significance test:  p = 0.164; under 

the null model, a difference in the two populations at least as extreme as the actual 

measured difference (red line) was observed 164 times out of 1000 permutations). 

 

 

Supplementary Figure 11. The permuted percentage increase of ~390% between 

average microdiversity values (mean π; calculated as Gregory et al1) of Sargasso 

Sea viruses captured by VirION (n = 1,465) compared to those assembled from short 
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reads (n = 2,049): A. 388.668% (264.559 - 551.95%, 95% CI), was highly significant; 

B. permuted significance test:  p <0.001; under the null model, a difference in the two 

populations at least as extreme as the actual measured difference (red line) was not 

observed (0 times out of 1000 permutations). 
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Supplementary Tables 

Contig 

code 

HVR 

length Protein name/s Source/s 

utg000082 993 virion structural protein 

Synechococcus phage S-

CAM1 isolates 0910CC29;  

0810SB17; 0809CC03; 

0310NB17 

utg000124 849 

gp34; conserved hypothetical protein; class I 

ribonucleotide reductase beta subunit; 

class I ribonucleotide reductase alpha 

subunit; ribonucleotide reductase domain-

containing protein; hypothetical protein 

(‘similar to gp34’); hypothetical protein 

P60_gp20; hypothetical protein P60_gp21; 

MazG nucleotide pyrophosphohydrolase; 

Cyanophages NATL1A-7, 

NATL2A-133, 9515-10a; 

Synechococcus phages S-

CBP1, S-CBP3; 

Prochlorococcus phages P-

SSP6, P-SSP7; Uncultured 

marine virus isolate Oxic3_4 

utg000124 1122 

T7-like tail fiber (“gp17”); major capsid 

protein; phage tail fiber-like protein 

Prochlorococcus phages P-

SSP7, P-SSM2; 

Synechococcus phage S-CBP1 

utg000124 1760 

HNH endonuclease:HNH nuclease; gp50; 

HNH nuclease; putative endonuclease; 

phage tail fiber-like protein; possible 

endonuclease; HNH endonuclease; HNH 

endonuclease family protein 

Prochlorococcus phages P-

SSP6, P-SSP7; P-SSP10, P-

SSM2; Cyanophage 9515-10a; 

Prochlorococcus sp. RS04, 

MIT 0604; Prochlorococcus 

marinus str. MIT 9215; 

utg000504 1986 Hypothetical protein 

Uncultured virus clone 

vSAG-88-3-L14 

utg000504 3406 

terminase small subunit; exonuclease; 

putative exonuclease; Hypothetical protein 

Pelagibacter phage 

HTVC027P; Uncultured virus 

clone vSAG-41-H17; 

Pelagibacter phage HTVC023P 

utg001170 933 

hypothetical protein (‘putative SAR11 

Pelagibacter phage’) 

Uncultured Mediterranean 

phage uvMED 

Supplementary Table 1. Predicted function of candidate hypervariable genomic 

regions (HVRs) in Sargasso Sea viruses obtained with the VirION pipeline. Illumina 
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reads were mapped to the top 50 most abundant Sargasso Sea viral population 

representatives (at 95% identity and 70% coverage), and the encoded function of 

putative HVR regions that were ≥600 bp long and contained areas of zero coverage 

were investigated (via a tBLASTx search against the NCBI NR database). 

 

Statistic   /   Sample code BS1 BS3 BS5 80m_unassigned 

Mean read length (bp) 4,100.1 3,840.1 3,738.8 3,927.9 

Mean read quality 12.3 12.6 12.6 12.0 

Median read length (bp) 3,662.0 3,534.0 3,441.0 3,583.0 

Median read quality 12.6 12.8 12.8 12.3 

Number of reads 363,245 481,694 509,715 2,399,558 

Read length N50 (bp) 5,042.0 4,370.0 4,285.0 4,588.0 

Total bases (Mbp) 1489.3 1849.7 1905.7 9425.2 

% reads >Q10  88.6  89.7 90.1 82.8 

Longest read >Q10 (bp)  27114 20909 24884 32222 

Supplementary Table 2. Summary statistics for MinION long-read sequencing of 

Sargasso Sea viral communities (calculated with NanoStat3). Barcoded libraries for 

three samples taken from 80 m depth (encoded: BS1; BS3; BS5) were sequenced. 

Barcode ligation failed in >42% of reads; the sequencing depth remaining per 

sample was too low for successful downstream processing, so for further analysis 

sequences were pooled. 

 

Supplementary Discussion 

Hypervariable regions of Sargasso Sea Viral genomes encode proteins 

putatively associated with host recognition, DNA synthesis and packaging 

Bacterioplankton communities are the primary drivers of the global carbon cycle4, 

and studies of community composition in the Sargasso Sea have provided valuable 

insights towards understanding productivity and nutrient cycling on the global 

scale5,6. Sargasso Sea microbial communities are distinct across seasonal and 

depth gradients7. Depth-specific niches are occupied by ecologically important 

heterotrophs, such as Pelagibacter (SAR11), Chloroflexi (SAR202), 

Deltaproteobacteria (SAR324) and Marinomicrobia (SAR406)8–11, and the 
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phototrophs Prochlorococcus12 and Synechococcus13. Prochlorococcus and SAR11 

(Pelagibacter) are the dominant phototrophs and heterotrophs in epipelagic surface 

waters, respectively7,14. The extremely low levels of nutrients in the Sargasso Sea 

photic zone have constrained the diversity of the microbial communities, as revealed 

by 16S rRNA community profiling7. However, metagenomic surveys revealed 

fine-scale, intraspecific diversity of Prochlorococcus and SAR116, which were later 

assessed using population genomics as comprising of co-existing populations15–17. 

Through time it has become clear that these populations have large shared or ‘core-’ 

genomic regions that are chequered with ‘flexible’ genes/regions, as well as 

‘hypervariable regions’ (HVRs) or genomic islands18 where most niche-differentiation 

is thought to occur for these taxa15–17,19–21. HVRs are identified when short reads 

from metagenomic datasets are mapped against genomes from the same 

environment to reveal regions of very low read recruitment indicating a putative 

HVR18,22. 

Like their prokaryotic hosts, phage genomes include both conserved regions, 

and hypervariable regions (HVRs), which vary highly between otherwise closely 

related viruses23,24. Virally-encoded hypervariable regions can encode for host 

recognition structures and tail proteins23,25, as well as putative internal virion 

proteins, terminases and ribonucleases24,26.  Previous work has shown that the 

hybrid, VirION approach improves capture of niche-defining HVRs26. Our search for 

Sargasso Sea viral HVRs was rigorously constrained to only include regions with a 

minimum size ≥600 bp with near zero coverage in the top 50 most abundant viral 

populations to avoid false positive detection of HVRs from low-coverage taxa. 

Application of these parameters revealed nine putative HVRs encoded in five viral 

contigs; alignment of these to the NCBI NR database via a tBLASTx search 

(Supplementary Table S1) produced functional annotations for seven of the HVRs 

encoded in four contigs. 

One advantage of long-read sequencing is the ability to identify otherwise 

missed HVRs – areas of viral genomes likely associated with host-virus interaction 

and ‘arms race’ adaptations (as proposed in host genomes27). Two viral contigs 

encoded four HVRs containing putative ORFs with homology to proteins from 

Synechococcus phages, Prochlorococcus phages and cyanophages, and 
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comprised: structural proteins including T7-like tail fibre, tail fibre-like proteins, capsid 

proteins; MazG nucleotide pyrophosphohydrolase;  ribonucleotide reductases; HNH 

nucleases/endonucleases (part of a homing endonuclease domain characterised by 

histidine and asparagine residues); and many hypothetical proteins (43% of 

annotations). T7-like tail fibre proteins previously recovered from pelagiphage HVRs 

were assumed to denote regions of rapid evolution associated with host recognition 

and a co-evolutionary arms race24. This evidence suggests that phages of 

phototrophic hosts may also carry such genes within HVRs, supporting the paradigm 

of viral genome hypervariable regions as hotspots in the evolution of viral-host 

interactions28. Many HVR annotations noted here seemed tentatively unconnected to 

host recognition. MazG nucleotide pyrophosphohydrolase may function in phage 

DNA synthesis. A previously hypothesised role in phage mediated regulation of the 

stringent response (i.e., host reaction to nutrient deprivation29) has recently been 

revised, and MazG is now thought to enable recycling of host DNA via the hydrolysis 

of deoxyribonucleotides30. Enzymes such as ribonucleotide reductase (RNR), and 

HNH nucleases and endonucleases are predicted to function in phage DNA 

synthesis and packaging (respectively). RNR is a viral AMG that catalyses the 

formation of deoxyribonucleotides from ribonucleotides for the production of progeny 

DNA31,32 . RNR genes are abundant and under selective evolutionary pressure in 

environmental viral assemblages33. HNH proteins function in conjunction with 

terminase in DNA cleavage for phage morphogenesis and are widespread in long-

tailed phages34. HNH nucleases have been identified in phages from disparate 

environments, including a deep-sea thermophilic bacteriophage35 and ‘hidden’ 

prophage of a cultured marine Roseobacter 36.   

Why genes for DNA synthesis and packaging enzymes, and even genes 

related to viral structure (i.e., encoding virion and capsid proteins) have been 

observed within HVRs may reflect an aspect of phage biology not yet understood24. 

However, the detection of HNH nucleases here could suggest that the HVRs of 

viruses infecting phototrophs encode proteins to counter anti-phage defences 

beyond adsorption and injection of viral DNA. A potential mechanism for overcoming 

host defence is concerned with avoidance of Restriction-Modification (RM) systems 

which have been identified in multiple strains of Prochlorococcus, but are rare in 

SAR1137,38. RM systems identify and destroy viral DNA: phages can evade detection 
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by the removal, under-representation or mutation of the restriction-site sequences 

recognised by the host cell39,40. Phage encoded HNH type nucleases have been 

identified as likely protagonists in viral genomic rearrangement41, so have the 

potential to assist phage avoidance of host RM systems via this route. 

The remaining three HVRs encoded by two contigs may have derived from 

pelagiphages. Exonuclease, terminase and hypothetical protein annotations were 

sourced from pelagiphages HTVC027P and HTV023P, a putative pelagiphage 

acquired through metagenomic fosmids (from the Mediterranean deep chlorophyll 

maximum42, and viral genomes recovered from single-virus genomics, including a 

virus sampled from the bathypelagic (‘vSAG-88-3-L14’), and another described as 

one of the most abundant dsDNA viruses in the surface global marine virosphere (at 

species level; ‘vSAG-41-H17’)43. Like HNH proteins, exonucleases and terminases 

are predicted to function in phage DNA packaging34,44, and have been previously 

identified in pelagiphage genomes45,46, and viral metagenomic HVRs24,26. However, it 

is worth noting that the terminase located in the HVR did not cluster with terminases 

from known pelagiphages in a phylogenetic tree (Figure S8) and it is unknown as to 

whether HVR structure provides a robust signal for host association. 

Does low host macrodiversity diversity promote high viral microdiversity in 

the Sargasso Sea? 

At species level (macrodiversity), bacterial diversity is negatively correlated to the 

magnitude of Net Heat Flux (NHF; i.e. air-sea flux of heat into an oceanic system)47. 

In accordance with the Royal Family Model48, the strong positive NHF49,50 and 

associated low macrodiversity in the host community7 of the summer-stratified 

Sargasso Sea could constrain viral evolution to fine-scale, nucleotide level changes 

that maximise niche-filling, whilst increasing microdiversity, amongst the well-

established and well-adapted host-communities. This putative mechanism may 

explain the strong positive correlation previously observed between viral 

microdiversity and PAR (Photosynthetic Active Radiation)1. This idea is corollary to 

the proposition that increased fine-scale viral microdiversity may decrease more 

coarse-level diversity by promoting competitive exclusion51, proposed to explain 

regional scale diversity patterns observed at a in the GOV 2.0 dataset1  
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