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Single-particle genomics uncovers  
abundant non-canonical marine viruses from 
nanolitre volumes
 

Alaina R. Weinheimer    1, Julia M. Brown1, Brian Thompson1, 
Greta Leonaviciene2,3, Vaidotas Kiseliovas3, Simonas Jocys    3, 
Jacob Munson-McGee1, Gregory Gavelis1, Corianna Mascena1, Linas Mazutis    2, 
Nicole J. Poulton1, Rapolas Zilionis2,3 & Ramunas Stepanauskas    1 

Viruses and other extracellular genetic elements play essential roles in 
marine communities. However, methods to capture their full diversity 
remain limited by the constraints of bulk sequencing assemblers 
or pre-sorting throughput. Here we introduce environmental 
micro-compartment genomics (EMCG), which vastly improves the 
throughput and efficiency of single-particle genomic sequencing obtained 
from nanolitre volumes by compartmentalizing particles of a sample into 
picolitre-sized, semi-permeable capsules for in-capsule DNA amplification 
and barcoding. From 300 nanolitres of seawater, EMCG obtained genomic 
sequences of 2,037 particles. The microbiome composition agreed with 
other methods, and the virus-like assembly lengths indicated that most were 
near complete. Many viral assemblies belonged to the Naomiviridae, lacked 
metagenomic representation and aligned to outlier contigs of abundant, 
putative host lineages, suggesting their use of non-canonical DNA and 
overlooked ecological importance. This approach provides opportunities 
for high-throughput, quantitative and cost-effective genome analyses of 
individual cells and extracellular particles across complex microbiomes.

The ocean’s biological diversity, biomass and biogeochemical pro-
cesses are dominated by microscopic life, with most evading cul-
tivation under laboratory conditions1–3. In the past two decades, 
cultivation-independent research tools, such as amplicon sequenc-
ing, metagenomics and single-cell genomics, have made major 
progress in deciphering the taxonomic composition and coding 
potential of the unicellular bacteria, archaea and eukaryotes inhab-
iting marine environments4–7. Less is known about the abundance, 
genome content and roles of various types of extracellular DNA, the 
concentration of which in seawater is comparable to that of DNA 
inside all planktonic cells8–10.

Our current knowledge of environmental extracellular DNA sug-
gests two general categories: (1) free DNA released from dead as well as 

metabolically active cells11 and (2) protected genomic fragments within 
extracellular membrane vesicles or distinct genetic elements such as 
viruses and tycheposons, which exist in a continuum of selfishness and 
autonomy12–15. The metagenomic research of marine extracellular DNA 
has primarily focused on viruses, which outnumber microbial cells by 
roughly tenfold16, revealing an extraordinary degree of genetic diversity 
and novelty17–19. However, due to the extensive microdiversity and lat-
eral gene transfer among marine viruses, their metagenome-assembled 
genomes (MAGs) are often fragmented and incomplete, and potential 
analytical blind spots remain poorly understood20–22. Furthermore, the 
scarcity of viable alternatives hinders the validation and improvement 
of viral MAG quality. Genomic sequencing of individual viral particles 
and their de novo assembly into single amplified genomes (SAGs) may 
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completeness, thus providing a more comprehensive understanding 
of the extracellular genomic realm.

Results
Quantification and identification of particles captured by EMCG
We report the development and pilot application of EMCG, which is 
based on compartmentalization of aquatic samples inside SPCs (Fig. 1). 
The shell of SPCs is composed of polymers that allow the free passage 
of enzymes and other reagents while blocking the escape and entry 
of high-molecular-weight DNA. This enables multistep biochemical 
processing across thousands of encapsulated particles for lysis, DNA 
amplification and combinatorial barcoding. DNA is then pooled for 
shotgun sequencing, and sequence reads are then separated on the 
basis of individual barcodes for separate assemblies, resulting in thou-
sands of individual genomic assemblies from a singular sequencing 
run. All steps are accomplished using manual pipetting without the 
need for complex and expensive instrumentation. The method rep-
resents a substantial increase in analytical throughput and reduction 
in equipment costs compared with fluorescence-activated cell sorting 
(FACS)-based single-cell and single-virus genomics.

We applied EMCG to a 300-nanolitre aliquot of coastal seawater 
from the Gulf of Maine collected on 18 April 2022, which produced 
2,037 EMCG single amplified genomes (emSAGs) (cumulative length 
86 Mbp; Supplementary Table 1). Using SPC volume, rate of occupancy 
and emSAG taxonomic assignments as input variables, we estimated 
the abundance of prokaryoplankton cells and DNA virus-like particles in 
the analysed sample at 1.93 × 109 l−1 and 1.79 × 1010 l−1, respectively. This 
agreed with flow-cytometric counts in the same sample (1.84 × 109 l−1 
and 1.75 × 1010 l−1) and with the global average of microscopic counts of 

circumvent these limitations22–25, but so far, it has been hampered by 
relatively low throughput and the confines of optical sensitivity of 
fluorescence-activated virus sorting (FAVS) for particle separation. The 
global abundance and genome content of other extracellular genetic 
elements remain even less understood.

High-throughput droplet microfluidics-based studies pro-
vide a promising avenue to improve the limitations of FAVS-based 
single-particle genomics. Such methods have revolutionized bio-
medical sciences by providing an inexpensive means to measure gene 
expression of tens of thousands of individual animal cells26,27. Sev-
eral recent reports have also demonstrated the feasibility of diverse 
microdroplet- and microgel-based approaches to analyse the genomic 
DNA of individual prokaryotic cells28–32 and individual viral particles33. 
Here we introduce an approach that builds on these improvements in 
which samples are parcelled into picolitre-sized compartments using 
semi-permeable capsules (SPCs)29, separating individual particles for 
DNA amplification, barcoding and sequencing, which we call Environ-
mental Micro-Compartment Genomics (EMCG). We applied EMCG to a 
raw, coastal seawater sample of 300 nanolitres and obtained over 2,000 
single amplified genomes. These corresponded to a broad range of cel-
lular and extracellular entities, which largely overlapped with known 
members of marine communities. Surprisingly, however, a substantial 
fraction of SAGs lacked metagenomic representation and were similar 
to Naomiviridae, which use deoxyuridine (dU) instead of deoxythymi-
dine (dT) in their genomes that prevents direct sequencing34, suggest-
ing that viruses with non-canonical DNA are abundant in seawater, yet 
remain invisible to conventional metagenomics. Collectively, this work 
demonstrates that EMCG enables a high-throughput, quantitative 
recovery of single-particle genome sequences with improved assembly 
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Fig. 1 | Schematic overview of the EMCG workflow. Each panel displays a 
key step in the EMCG workflow. Items are not drawn to scale. a, An aquatic 
sample containing diverse types of DNA-containing particles is used in the 
analysis. b, Particles with diameters smaller than SPCs (~70 μm) are randomly 
compartmentalized inside SPCs. c, Genomic DNA is released from cells and 
extracellular particles with an alkaline treatment and amplified using a modified 
multiple displacement amplification, WGA-X. d, A series of barcodes are ligated 

to the amplified DNA within each SPC in a combinatorial manner to provide 
each particle with a unique tag for its DNA fragments. e, SPCs are dissolved 
and the barcoded DNA fragments are pooled to prepare a single sequencing 
library, which is sequenced using Illumina technology. f, Sequence reads are 
demultiplexed on the basis of their SPC-specific barcodes, assembled de novo 
separately for each SPC and annotated using standard bioinformatics tools.
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prokaryoplankton and viral particles in the coastal ocean16, indicating 
that emSAG assemblies represented DNA-containing particles in the 
analysed sample in a randomly sampled, holistic and thus potentially 
quantitative manner.

For comparative purposes, we prepared a metagenome of 
virus-sized particles from the same seawater sample. The 127 mil-
lion metagenomic paired-end reads assembled into 17,145 virus-like 
metagenome-assembled genomes (vMAGs) (cumulative length 
44 Mbp; Supplementary Table 2). In addition, the same seawater sam-
ple was used to produce 260 cellular SAGs (cSAGs) and 190 virus-like 
SAGs (vSAGs) using a previously described FACS-based workflow24 
(Supplementary Table 3).

We performed a tentative separation of emSAGs into cell-like 
and virus-like genomes based on the proportion of prokaryote-like 
genes versus the fraction of sequence detected as viral, along with 
co-processing of E. coli emSAGs serving as internal standards to quan-
tify the frequency of barcode co-use by multiple emSAGs (Fig. 2a, 
and Supplementary Tables 1, 4 and 5). This resulted in 1,791 virus-like 
marine emSAGs, 193 cell-like marine emSAGs, 53 marine emSAGs with-
out assignments, 339 E. coli emSAGs, and 3 emSAGs that contained 
both E. coli and marine contigs. The 1.4% frequency at which the same 
barcode was incorporated into more than one emSAG (marine and  
E. coli) demonstrated fidelity of emSAG barcoding and computational 
demultiplexing. Notably, the virus-like emSAGs may include other pro-
tected genetic elements that could not be distinguished with current 
methods, as viruses exist along a continuum of diverse mobile genetic 
elements13. Likewise, the cell-like emSAGs may be derived from intact 
cells, free DNA, or membrane vesicles containing cellular DNA, but the 
distinction between these particle types cannot be made using current 
bioinformatics tools with genetic data alone. Nonetheless, the 9:1 ratio 
between virus-like and cell-like assemblies agreed well with the previ-
ously reported ~10:1 average in the surface ocean16.

The taxonomic composition of cell-like emSAGs that could be 
classified (57 emSAGs) was similar to the composition of prokary-
oplankton cSAGs that could be classified (235 cSAGs) from the 
same sample (Fig. 2b,c) and in agreement with previous studies 
of the same coastal location35. The absence of eukaryotic emSAGs  

(unicellular algae and heterotrophic protists) in this dataset can be 
explained by their abundance typically being ~100-fold lower than that 
of prokarya36 and by some unicellular eukarya exceeding the diameter 
of our SPCs. Together, these findings provide further evidence that 
emSAGs quantitatively represent the composition of DNA-containing 
particles, ranging from prokaryotic to small virus sizes, in the analysed 
sample. In agreement with previous studies, they revealed viruses as 
the most abundant type of DNA-based extracellular genetic element 
in the analysed sample15.

Of the virus-like SAGs that shared at least two genes with a classi-
fied reference virus37,38, tailed double-stranded (ds)DNA phages of the 
phylum Uroviricota (all of the class Caudoviricetes) dominated both 
virus-like emSAGs (95.2%) and virus-like FACS-based vSAGs (70.2%), 
while the relative abundance of other viral groups differed substantially 
between the two methods (Fig. 2d and Supplementary Tables 1 and 3). 
Eukaryotic giant viruses of the phylum Nucleocytoviricota were over 
10× more abundant in the vSAGs; in contrast, prokaryotic viruses of 
phyla with smaller genomes, including Phixiviricota and Cressdna-
viricota (both single-stranded (ss)DNA viruses), were represented 
only by emSAGs. The absence of small viruses and the enrichment of 
giant viruses in vSAGs relative to emSAGs probably reflected optical 
detection limits of FAVS. EMCG appears to circumvent biases against 
small particles because it does not rely on particle optical detection.

An important feature of microbial single-cell genomics is the 
recovery of viral DNA from cells interacting with viruses or containing 
prophages39–42. Our analyses revealed the presence of DNA sequences 
of viral origin in 33 (17%) of cell-like emSAGs (Supplementary Table 1). 
None of these sequences were flanked by cellular DNA, suggesting lytic 
rather than lysogenic interactions, although suboptimal host infections 
may also cause some viral DNA occurrences43. Surprisingly, we found no 
matches between the sequences of viral origin in cell-like emSAGs and 
virus-like emSAGs in the analysed sample. This may be caused either 
by viral diversity exceeding the scale of our experiment or by an offset 
in time when a particular virus is present inside hosts versus the water 
column. Some evidence for the latter possibility is provided by the pres-
ence of sequences matching emSAGs of this study in cSAGs reported 
previously from the Gulf of Maine (see section on Naomiviridae below).
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Fig. 2 | Compositional overview of de novo genome assemblies obtained from 
coastal seawater using EMCG and other methods. a, The fraction of prokarya-
like genes relative to the fraction of virus-like sequence length in individual 
genome assemblies, which was used to tentatively distinguish cellular (orange) 
and virus-like (blue) SAGs. The SPCs containing E. coli cells were included in 
the EMCG workflow as internal standards (grey). The pie chart summarizes the 

fractions of cell-like and virus-like marine emSAG assemblies. b,c, Taxonomic 
composition of cellular SAGs recovered from EMCG (emSAGs, b) and prokarya-
targeted FACS (cSAGs, c). d, Taxonomic phyla assignments of virus-like SAGs 
obtained using EMCG (emSAGs) and virus-targeting FAVS (vSAGs), arranged in 
order of decreasing average genome length in Viral RefSeq: Nucleocytoviricota 
(average genome length 676 kb), Uroviricota (56 kb), Preplasmiviricota (25 kb).
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Quality of virus-like genome assemblies
The quality of recovered virus-like genomic sequences differed across 
the three methodologies (EMCG (emSAGs), FAVS (vSAGs) and viral 
metagenomics (vMAGs)). The average length of virus-like emSAGs 
(27 kbp) was over 10× greater than that of vMAGs (2 kbp), although 
lower than that of vSAGs (56 kbp) (Fig. 3a), probably due to FAVS 
favouring larger viral particles (Fig. 2). The CheckV-estimated quality 
of the genomes44 indicated that emSAGs had a higher proportion of 
high- and medium-quality genome assemblies (964 emSAGs, 54%) than 
both metagenomic contigs (156 vMAGs, 1%) and vSAGs (22%). These 
results collectively indicate that EMCG more successfully recovered 
high-quality genomes than metagenomics and FAVS-based single-viral 
sequencing (Fig. 3b).

To assess the diversity recovered, we used network analysis to 
cluster emSAGs and vMAGs into nominal species-like operational 
taxonomic units (vOTUs) using single-linkages clustering with a cut-off 
of ≥95% average nucleotide identity (ANI) across ≥85% of coding nucleo-
tides of the smaller genome45 (Supplementary Table 6). Most emSAGs 
and vMAGs did not cluster with other genome assemblies (44% and 89%, 
respectively), with 11% of vMAGs clustering with an emSAG and 44% of 
emSAGs clustering with a vMAG. Among the multimember clusters, 
the most abundant cluster configuration comprised multiple vMAGs 
clustering with a single emSAG by aligning to various regions of the 
emSAG (Fig. 3c,d), with 4.7% of vMAGs belonging to such clusters. This 
reflected the substantially greater completeness of emSAG assemblies 
compared with vMAGs (Fig. 2b) and demonstrated the important 
capacity of emSAGs to link together vMAGs that otherwise might 
have been identified as different viruses due to the lack of overlapping 
genomic regions.

When using metagenomics (bulk sequencing), populations of 
near-identical particles are expected to assemble into a single MAG 
representing a consensus genome. In contrast, each emSAG represents 

an individual viral particle, and therefore, EMCG can recover multiple 
closely related genomes. We thus expected to observe viral genomic 
clusters that contained multiple emSAGs and a single MAG. Yet, such 
clusters comprised only 1.6% of multimember vOTUs (7 total) (Fig. 3c). 
An alignment of genomes from one such vOTU revealed that the vMAG 
corresponded to a relatively short genome region that was shared by 
the greatest number of emSAGs and was one of several regions with 
an elevated metagenome read coverage (Fig. 3e and Supplementary 
Table 7). Overall, the emSAGs exhibited highly uneven coverage by 
viral metagenomic reads, indicating high variability in nucleotide con-
servation among viral particles that probably hindered metagenomic 
assembly, leading to fragmented, low-quality vMAGs.

Unexpected abundance of particles with putatively 
non-canonical DNA
Most large clusters of virus-like genomes (vOTUs) containing emSAGs 
shared similarities with phages isolated from known marine bacterial 
groups such as Flavobacteria, Synechococcus and Pelagibacter (Fig. 4a), 
highlighting the general congruence of EMCG with previous studies of 
marine viruses. Given the random, quantitative sampling of particles 
by EMCG (Figs. 1 and 2) and ocean mixing, we expected the number of 
emSAGs per vOTU to correlate with the fraction of viral metagenome 
reads mapped to a given vOTU. Surprisingly, this correlation was weak 
(Pearson’s correlation p < 0.01; R value 0.27; Supplementary Table 1), 
and the vOTU with the highest number of emSAGs (26) did not recruit 
any viral metagenomic reads and lacked vMAG members (Fig. 4a). 
This indicated that differences in the composition of viral emSAGs 
and vMAGs (Fig. 3c) were not caused solely by metagenome assembly 
fragmentation but also by access to different DNA sources.

To further examine the taxonomic diversity of the virus-like 
emSAGs, we applied a gene-sharing network approach with reference 
viruses of INPHARED37 and remaining non-prokaryotic viruses on Viral 
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(blue) connected by shared vOTU edges. d, Illustration of alignments of multiple 

vMAGs against a single emSAG that form vOTU 66 (see SAG and MAGs listed in 
Supplementary Table 8). e, Illustration of a vOTU containing a single MAG and 
multiple SAGs from vOTU 245. Top: sequence depth of viral metagenome reads 
mapped on the longest emSAG in this vOTU. Bottom: alignments of the emSAGs 
and vMAG that form this vOTU (see SAGs and MAGs listed in Supplementary 
Table 7). The pink bar marks the region covered by the only vMAG of this vOTU.
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Refseq38, which clusters genomes into genera or subfamilies. This 
revealed that the emSAGs of the abundant vOTU, which lacked repre-
sentation in the metagenome, belonged to the cluster VC1099, which 
contained cultured viruses of the Noahvirus genus in the Naomiviridae 
family (Supplementary Table 9). Of the 1,791 virus-like emSAGs, 1.8% 
clustered into VC1099, which translates to their abundance of ~3 × 108 l−1 
in the analysed sample. Collectively, these results indicate that EMCG 
uncovered an abundant lineage of viruses related to Noahvirus that 
were undetectable using viral metagenomics.

At present, there are only two isolates of the Noahvirus genus, 
which were collected from the Grand Canal in Venice, Italy, and the 
coast of Puerto Morelos, Mexico, and found to infect the marine bacte-
rium Ruegeria pomeroyi, a member of the abundant prokaryoplankton 
family Rhodobacteraceae (Alphaproteobacteria)34. This isolation study 
reported that Noahvirus distinctively uses a non-canonical nucleotide 
dU instead of dT, and their genomes could be sequenced only after 
producing canonical DNA copies with the help of the phi29 polymerase. 
The EMCG workflow involves the amplification of gDNA of individual 
particles with phi29 polymerase, which helps explain the recovery 
of Naomiviridae in emSAGs. In contrast, our viral metagenome was 
sequenced without pre-amplification, as pre-amplification can intro-
duce severe biases in mixed community shotgun sequencing46.

The genes Noahvirus use for dU synthesis have been hypothesized 
to include genes for a cytosine deaminase, a DNA polymerase and a 
dTTPase, although this has not been experimentally verified34. Of these 
genes, we only detected an orthologous DNA polymerase in several of 
the VC1099 emSAGs (Fig. 4c and Supplementary Table 10). The failure 
to find orthologues of Noahvirus cytosine deaminase and dTTPase sug-
gests that these genes are either too divergent to detect at the sequence 

level or that different mechanisms are used for DNA modification in 
Naomiviridae than was previously hypothesized. The incompleteness 
of individual emSAGs may also lead to failed gene detection, although 
the likelihood of missing these genes altogether in all 33 VC1099 
emSAGs due to assembly incompleteness is low, <10−12. Furthermore, 
the successful co-assembly of contigs from these emSAGs into two 
circularized genomes suggests successful coverage of Naomiviridae 
core genome regions by the emSAGs (Fig. 4b). Orthologues of other 
Noahvirus replication genes were present in several VC1099 emSAGs, 
including an exonuclease and a DNA primase/helicase. Genomic syn-
teny of these genes was consistent with cultured Noahvirus (Fig. 4c). 
A phylogenomic reconstruction of the DNA polymerase gene family 
in Noahvirus34 with other reference viral genomes in INPHARED and 
RefSeq that encode this DNA polymerase family provided further evi-
dence that VC1099 emSAGs and Noahvirus isolates are evolutionarily 
related (Fig. 4d).

To better understand the genome architecture of VC1099 
viruses, we assembled all contigs from all marine emSAGs into con-
structs we refer to as co-assemblies. This produced two circularized 
co-assemblies, both of which contained exclusively Naomiviridae 
emSAG contigs (Fig. 4b). The two co-assemblies were ~62 kbp in length, 
similar to the length of the two previously published genomes of Noah-
virus isolates (70 and 75 kbp)34. Mapping of individual emSAG contigs 
on these co-assemblies revealed a high frequency of nucleotide-level 
variability among individual Naomiviridae particles (Fig. 4b). Further-
more, these co-assemblies included only 39% of the contigs of the con-
tributing emSAGs, although portions of all contigs could be mapped on 
the co-assemblies (Supplementary Tables 11). This indicated substantial 
genome content variation among individual Naomiviridae particles 
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in the analysed sample that could not be fully represented in the two 
co-assemblies, and demonstrates the unique value of genome recovery 
from discrete, individual viral particles to circumvent the inherent loss 
of information that occurs during the assembly of consensus genomes 
from multiple entities, such as done in the construction of MAGs.

We next searched for contigs resembling the two VC1099 
co-assemblies in cellular SAGs from this study and a previous, mul-
tiseason report of prokaryoplankton of FACS-based SAGs in the Gulf 
of Maine35 to capture interactions with potential hosts. Small frag-
ments of the phage co-assemblies aligned to contigs present within 
three cellular SAGs, one Amylibacter and two Pelagibacter SAGs 
(Supplementary Table 12 and Fig. 4b). These alignments varied in 
length from 1 to 17.5 kb and in their nucleotide identity from 73% to 98%. 
The cellular SAG contigs that aligned to Naomiviridae co-assemblies 
differed in tetramer composition from the rest of the cellular assembly, 
suggesting heterogeneous origins and lack of integration into hosts’ 
chromosomes (Supplementary Figs. 1–3). The association of VC1099 
with Amylibacter, of the Rhodobacteraceae family, is consistent with 
the taxonomy of the previously reported host R. pomeroyi34. Mean-
while, the detected association of Naomiviridae with Pelagibacter  
(Pelagibacteraceae family) suggests an important additional role of 
Naomiviridae, as Pelagibacter is the most abundant genus of marine 
planktonic bacteria and constitutes ~25% of all cells in the ocean47. 
Interestingly, all three putative host SAGs originate from a set of 276 
cSAGs obtained from a seawater sample collected in April 2019, rather 
than from the other sampling months, October and July, which coin-
cided with the sample collection for the EMCG study in April 2022. This 
indicates the potential seasonal recurrence of Naomiviridae infections 
in the Gulf of Maine. We also performed BLASTn searches for sequences 
similar to Naomiviridae co-assemblies in 12,715 GORG-Tropics cSAGs 
from the epipelagic depths of tropical and subtropical latitudes5. This 
produced no alignments greater than 100 bp, suggesting high specific-
ity of Naomiviridae matches to cSAGs from the Gulf of Maine. Collec-
tively, our findings expand the putative host range of Naomiviridae by 
including the most abundant lineage of marine bacterioplankton and 
suggest the dynamic nature of their ecology and evolution, highlighting 
the need for targeted studies on their roles in the ocean. EMCG opens 
a new window into the biology of viruses with non-canonical DNA, 
which may be instrumental not only in microbial ecology but also in 
the expanding use of xenobiotic nucleotides in synthetic biology48.

Discussion
We report the development and pilot application of Environmen-
tal Micro-Compartment Genomics (EMCG), a novel method for 
high-throughput, quantitative genome sequencing of individual cells 
and extracellular genetic elements in environmental samples. Particles 
in a sample are randomly compartmentalized into semi-permeable 
capsules (SPCs), followed by multistep biochemical processing for lysis, 
DNA amplification and combinatorial barcoding via manual pipetting. 
This high-throughput separation of individuals and ability to pool 
barcoded DNA into a singular sequencing run enables thousands of 
particles to be sequenced from a sample, substantially increases the 
analytical throughput and reduces equipment costs compared with 
FACS-based single-cell and single-virus genomics.

The application of EMCG on a 300-nl coastal seawater sample 
recovered genome sequences of over 2,000 individual microbial 
cells and extracellular genetic elements, with the predominance of 
virus-like genome assemblies (Fig. 2). The comparison of EMCG outputs 
to FACS-based particle counting and FACS-based genomics of single 
cells and single viral particles demonstrated consistent genome recov-
ery without obvious compositional biases, aside from demonstrating 
a bias of FAVS-based genomics for larger viral particles. The average 
completeness of virus-like genomes, which dominated the EMCG 
dataset, was substantially higher than the completeness of virus-like 
MAGs and FAVS-based SAGs obtained from the same sample (Fig. 3). 

Furthermore, EMCG recovered genomes from a broader taxonomic 
range of viruses compared with FAVS-based SAGs, and included viruses 
that might have been too small for optical detection by FAVS. Thus, 
the quality of virus-like genome assemblies obtained with EMCG has 
substantial advantages relative to other contemporary methods in 
environmental virology.

Unexpectedly, EMCG revealed the abundance of Naomiviridae in 
the analysed sample and indicated that they infect several of the most 
abundant marine bacterioplankton lineages (Fig. 4). The only previous 
report of this family of viruses found that they use dU instead of dT, 
which prevents their direct sequencing34. This and other non-canonical 
DNA modifications are hypothesized to help viruses avoid detection 
by hosts’ immune systems49. Although several DNA modifications 
have been discovered in cultured prokaryotic viruses, and the initial 
Naomiviridae report indicated that relatives of these phages may be 
widespread in the ocean, the abundance of such viruses in the environ-
ment remains largely unknown49,50. Our results suggest that viruses 
with non-canonical DNA may be abundant in certain ocean regions and 
play crucial roles in marine microbial ecology, yet remain undetected 
by standard metagenomics methods.

One key limitation of EMCG, compared to the FACS-based genom-
ics of single cells and viral particles, is the lack of information about 
analysed particles’ optical properties. When available, such informa-
tion can link single cells’ genomes and phenomes and discriminate 
intact cells from subcellular particles24,35. Furthermore, the lack of 
direct control of sequence read distribution among SPCs can lead to 
both under- and over-sequencing of some SPCs, in particular when 
analysing particles with disparate genome sizes. The latter challenge 
could be mitigated by targeted particle or entity selection, for exam-
ple, by filtration or FACS, upstream of EMCG. Compared with shotgun 
metagenomics, EMCG requires moderately higher upfront instru-
mentation costs, yet it offers an improved representation of diverse 
DNA sequences in the sample. Furthermore, due to the uneven DNA 
amplification from single molecule templates51, EMCG may require 
deeper DNA sequencing compared with metagenomics to obtain the 
same cumulative assembly length.

Taken together, EMCG offers a novel opportunity for quantitative 
genome content analyses of viruses and other extracellular genetic ele-
ments in the ocean and other environments. The discovery of the preva-
lence of Naomiviridae in seawater reflects the importance of improving 
our understanding of the abundance, ecological roles and biotechno-
logical potential of extracellular genetic elements with non-canonical 
DNA. The capacity of EMCG to decipher viral and microbial genome 
content at the resolution of individual particles from submicrolitre 
sample volumes may also find applications outside environmental 
microbiology, such as in infection diagnostics and forensics.

Methods
Field sample collection and storage
Gulf of Maine seawater sample was collected with a Niskin bottle from 
1-m depth in Boothbay Harbor, Maine (43.84° N, 69.64° W) on 18 April 
2022. Immediately after the collection, multiple 1-ml subsamples 
were transferred to cryovials, amended with 5% glycerol and 1× pH 8 
TRIS-EDTA buffer (final concentrations) and stored at −80 °C. We refer 
to these subsamples as ‘cryopreserved’.

Sample encapsulation and processing SPCs
SPCs containing cryopreserved seawater were generated using the 
FLUX SPC generator (CHP-SPC1, Atrandi Biosciences) and the cor-
responding SPC reagent kit (CKP-G34, Atrandi Biosciences). The 
Working Core (WCS) and Working Shell (WSS) Solutions were pre-
pared following manufacturer instructions, except for dithiothrei-
tol, which was excluded. Specifically, for each lane, 37.5 µl of diluted 
seawater was combined with 50 µl of Core Reagent and 12.5 µl of Pho-
toinitiator. Before encapsulation, all samples were passed through a 
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40-µm-mesh-size cell strainer (Becton Dickinson) and diluted with 
sterile-filtered and UV-irradiated Sargasso Sea water to achieve 2–3% 
SPC occupancy, as determined through an iterative process by the 
microscopy of post-amplification SPCs (see below). This corresponds 
to 1–1.5% of the occupied SPCs harbouring >1 DNA-containing particle. 
Post encapsulation, the emulsion was transferred into a 2.0-ml micro-
centrifuge tube, the oil phase was aspirated from the bottom using a 
1-ml pipette, and the SPCs were isolated by disrupting the emulsion 
with the Emulsion Breaker solution included in the kit. The recovered 
SPCs were then resuspended in molecular grade water containing  
1× Wash Additive.

Alkaline lysis and DNA amplification in SPCs were performed fol-
lowing the WGA-X protocol24 instead of using lysis and amplification 
reagents provided in the kit. Briefly, SPCs were treated with 0.4 M KOH, 
10 mM EDTA and 100 mM dithiothreitol for a 10-min incubation at 
20 °C, followed by neutralization and buffer replacement using Wash 
Buffer (10 mM Tris pH 7.5, 0.1% Triton X-100). The WGA-X reactions con-
tained 0.2 U μl−1 Equiphi29 polymerase (Thermo Fisher), 1× Equiphi29 
reaction buffer (Thermo Fisher), 0.4 mM each dNTP (New England 
BioLabs), 10 mM dithiothreitol (Thermo Fisher) and 40 μM random 
heptamers with two 3′-terminal phosphorothioated nucleotide bonds 
(Integrated DNA Technologies) (all final concentrations). These reac-
tions were performed at 45 °C for 1 h and then inactivated by a 15-min 
incubation at 75 °C. Following the WGA-X, SPCs were washed with 
1 ml wash buffer three times. To confirm DNA amplification, the SPCs 
were stained with 5 µM SYTO-9 (Thermo Fisher) in wash buffer. SPCs 
containing green fluorescence were quantified using epifluorescence 
microscopy. We refer to amplified DNA in individual SPCs as environ-
mental micro-compartment single amplified genomes (emSAGs).

An axenic culture of Escherichia coli K12 DH1 (ATCC 33849) was 
obtained from the American Type Culture Collection and cultivated 
in an autoclaved LB medium overnight. The 1 ml subsamples of the 
culture were transferred to cryovials, amended with 5% glycerol and  
1× pH 8 TRIS-EDTA buffer (final concentrations) and stored at −80 °C. 
Subsequently, the same dilution, SPC generation and DNA amplification 
procedures as described above were applied to these cryopreserved  
E. coli samples. Before DNA barcoding, the SPCs containing amplified 
E. coli DNA were spiked into SPCs containing amplified seawater DNA 
at the ratio of ~1:10 to assist in workflow performance evaluation.

The same techniques and reagents described above were used 
to encapsulate, lyse, amplify and microscopically examine a sample 
of UV-irradiated deionized water. This negative control produced no 
SPCs with detectable DNA amplification products, indicating no DNA 
amplification introduced by the analytical workflow.

Combinatorial barcoding of WGA products within SPCs was con-
ducted using the Single-Microbe DNA Barcoding kit (CKP-BARK1, 
Atrandi Biosciences). Approximately 150 μl of post-WGA-X SPCs, con-
taining ~6,000 SPCs with WGA products, were passed through DNA 
debranching and end preparation protocols to yield A-tailed dsDNA 
fragments. A 4-step, ligation-based combinatorial split-and-pool bar-
coding process was then employed, generating a barcode diversity of 
244 (331,776) unique variants.

The barcoded emSAGs were released from SPCs using the Release 
Reagent (Atrandi Biosciences) and purified using 0.8× Ampure 
XP (Beckman Coulter) paramagnetic beads. Subsequently, the 
next-generation sequencing libraries were prepared following the 
protocol of the NEB Next Ultra II FS DNA Library Prep Kit for Illumina 
(E7805S, NEB) using a protocol-specific ligation adapter (Atrandi Bio-
sciences) and Unique Dual Indexing (UDI) PCR primers as directed by 
the Single-Microbe DNA Barcoding kit. Libraries were quantified using 
the Agilent High Sensitivity DNA kit (5067-4626, Agilent) and the Qubit 
Fluorometer with a dsDNA HS Assay kit (Q32851, Thermo Fisher). The 
prepared SAG libraries were loaded on the Illumina NextSeq 2000 
platform using a High Output P3 kit (300 cycles) with sequencing read 
lengths of R1 = 151 bp, R2 = 151 bp, i7 = 8 bp and i5 = 8 bp.

Read demultiplexing proceeded in two stages. In the first stage, 
we used bcl2fastq2 v.2.2.0 software (Illumina) with the parameter 
‘–barcode-mismatches=3’ to convert basecall files to pairs of fastq 
files and separate reads on the basis of the Illumina library indexes. 
The second stage used the paired fastq files as input and the Pheniqs 
(v.2.1.0)52 software to separate reads on the basis of the combinatorial 
Atrandi barcodes. To ensure demultiplexing stringency, we used a 
frequency threshold of ≥4 out of 1 million reads to exclude spurious 
barcode combinations and ran Pheniqs using the minimal distance 
decoding algorithm and distance tolerance set to allow ≤1 mismatch 
in each Atrandi barcode combination. It should be noted that an earlier 
version of the manual mistakenly indicated compatibility with the NEB 
Next Multiplex Oligos for Illumina (Dual Index Primers Set 2), NEB (P/N: 
E7780S) indexing primer kit, which compromised barcode-bearing 
fragment enrichment, resulting in only ~30% of reads displaying a 
recognizable cell barcode. This issue has been rectified in subsequent 
manual editions, ensuring reference to compatible indexing primers 
and achieving greater than 90% readability of cell barcodes in reads.

Following demultiplexing, we performed two-stage read trim-
ming. First, Trim Galore! (v.0.6.7)53 command ‘trim_galore–clip_R2 45–
paired -o output ${input_forward_readfile} ${input_reverse_readfile}’ 
was used to remove Atrandi barcodes. Subsequently, Trimmomatic 
(v.0.32)54 command ‘trimmomatic PE -phred33 ${ input_forward_read-
file } ${input_reverse_readfile } LEADING:0 TRAILING:5 SLIDINGWIN-
DOW:4:15 MINLEN:36’ was used to remove Illumina adapters and 
perform general quality-based trimming. Only reads containing their 
pairs and longer than 36 bp were retained as previously benchmarked24.

Quantification of DNA-containing particles
Flow-cytometric quantification of prokarya within the seawater 
sample (1.84 × 106 ml−1) and E. coli culture (3.50 × 108 ml−1) was per-
formed with a BD Influx Mariner by counting events gated as prokarya 
(Supplementary Fig. 4) in a known sample volume55. The same quan-
tification procedure was used on a FACS gate for virus-like particles, 
indicating 1.75 × 107 virus-like particles per ml. The volume analysed 
was determined by weight displacement before and after analysis. 
Details are found in the section ‘Fluorescence-activated sorting and 
downstream processing of individual cells and virus-like particles’.

The EMCG-based quantification of DNA-containing particles was 
based on measuring sample volumes encapsulated in SPCs, the rate 
of SPC occupancy by particles producing WGA-X products, and the 
taxonomic annotation of sequenced emSAGs. First, we used the fol-
lowing formula to estimate the volume of raw seawater captured in 
an average SPC (Vsea-1SPC):

Vsea − 1SPC(pl) = 160 × 0.2 × 0.033 = 1.06

where ‘160’ is the microscopically determined average droplet volume 
in pl (assuming a spherical shape), ‘0.2’ is the volumetric fraction of the 
diluted sample in a droplet, and ‘0.033’ is the sample dilution factor 
before encapsulation.

Next, we estimated the abundance of DNA-containing particles in 
the analysed seawater (ADNA) as follows:

ADNA (ml
−1) = 0.022 × 109/Vsea − 1SPC = 2.04 × 107

where ‘0.022’ is the microscopically determined fraction of SPCs con-
taining WGA-X amplicons and ‘109’ is the conversion factor from pl 
to ml.

Subsequently, we estimated the abundance of prokarya cells (Aprok) 
and virus-like particles (Avir) as follows:

Aprok(ml
−1) = ADNA × 193/2,037 = 1.93 × 10

6

Avir(ml
−1) = ADNA × 1, 791/2,037 = 1.79 × 10

7
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where ‘193’, ‘1,791’ and ‘2,037’ are the respective counts of prokarya-like, 
virus-like and all emSAG genome assemblies of marine origin.

The total volume of seawater compartmentalized in SPCs that were 
used in the EMCG experiment (Vsea-sequenced-SPCs) was estimated 
as follows:

Vsea − sequenced − SPCs(nl) = Vsea − 1SPC × 6,000/0.022/1,000 = 289

where ‘6,000’ is the number of SPCs used in barcoding and sequencing, 
‘0.022’ is the microscopically determined fraction of SPCs containing 
WGA-X amplicons, and ‘1,000’ is the conversion factor from pl to nl.

Fluorescence-activated sorting and downstream processing of 
individual cells and virus-like particles
The generation of FACS-based single amplified genomes of prokaryote 
cells (cSAGs) and individual viral particles (vSAGs) from the cryopre-
served seawater sample was performed as previously described24. 
For prokaryote cell sorting, samples were incubated with the SYTO 9 
nucleic acid stain (5 µM final concentration; Thermo Fisher) on ice for 
10–60 min. For virus-like particle sorting, samples were incubated with 
the SYBRGreen nucleic acid stain (1:500 dilution, final concentration; 
Thermo Fisher) on ice for 60–120 min. Flow-cytometric analysis and 
sorting were performed using a BD InFlux Mariner flow cytometer 
equipped with a 488-nm laser for excitation and a 70-μm nozzle orifice 
(Becton Dickinson, formerly Cytopeia). The cytometer was triggered 
on green fluorescence (531/40 BP emission filter). The ‘single-1 drop’ 
mode was used for maximal sort purity. Sort gates for prokarya and 
viral-like particles were defined on the basis of particle green fluores-
cence and forward scatter (Supplementary Fig. 4). Individual cells and 
extracellular particles were deposited into 384-well microplates con-
taining 600 nl of 1× TE buffer per well and stored at −80 °C until further 
processing. Of the 384 wells, 317 wells were dedicated for single cells, 
64 wells were used as negative controls (no droplet deposition), and 3 
wells received 10 cells each to serve as positive controls. The accuracy 
of droplet deposition into microplate wells was confirmed several times 
during each sort day by sorting 3.46-µm-diameter SPHERO Rainbow 
Fluorescent Particles (Spherotech) and microscopically examining 
their presence at the bottom of each well. In these examinations, <2% of 
wells did not contain beads and <0.4% of wells contained more than one 
bead. Index sort data were collected using the BD Sortware software.

Before genomic DNA amplification, sorted cells and viral particles 
were lysed and their DNA was denatured by two freeze–thaw cycles 
and the addition of 700 nl of a lysis buffer consisting of 0.4 M KOH, 
10 mM EDTA and 100 mM dithiothreitol, and a subsequent 10-min 
incubation at 20 °C. The lysis was terminated by the addition of 700 nl 
of 1 M Tris-HCl, pH 4. Whole genome amplification was performed 
using WGA-X24.

Cell and particle sorting, lysis and WGA-X setup were performed 
in a HEPA-filtered environment conforming to Class 1000 cleanroom 
specifications. Before cell sorting, the instrument, the reagents and 
the workspace were decontaminated for DNA using UV irradiation and 
sodium hypochlorite solution. To further reduce the risk of DNA con-
tamination, and to improve accuracy and throughput, Bravo (Agilent 
Technologies) and Freedom Evo (Tecan) robotic liquid handlers were 
used for all liquid handling in 384-well plates at Bigelow Laboratory’s 
Single Cell Genomics Center (SCGC).

Libraries for sequencing of the amplified DNA were created with 
Nextera XT (Illumina) reagents following manufacturer instructions 
except for purification steps, which were done with column cleanup 
kits (QIAGEN QIAQuick PCR Purification and MinElute PCR Purification 
kits), and library size selection, which was done using BluePippin (Sage 
Science) with a target size of 500 ± 50 bp. DNA concentration measure-
ments were performed with Agilent HS D1000 TapeStation reagents 
following manufacturer instructions. Libraries were sequenced with 
NextSeq 2000 (Illumina) and P3 reagents in 2 × 100 bp mode.

SAG de novo assembly and quality control
The demultiplexed sequencing reads of emSAGs, cSAGs and vSAGs 
were quality trimmed with Trimmomatic (v.0.32)54 using the following 
settings: -phred33 LEADING:0 TRAILING:5 SLIDINGWINDOW:4:15 MIN-
LEN:36. Reads matching the H. sapiens reference assembly GRCh38 and 
a local database of WGA-X reagent contaminants24 (≥95% identity of 
≥100 bp alignments) as well as low-complexity reads (containing <5% 
of any nucleotide) were removed. The remaining reads were digitally 
normalized with kmernorm 1.05 (http://sourceforge.net/projects/
kmernorm) using the settings ‘-k 21 -t 30 -c 3’ and then assembled 
with SPAdes (v.3.0.0)56 using the following settings: –careful–sc–
phred-offset 33. Each end of the obtained contigs was trimmed by 
100 bp and only contigs longer than 2,000 bp were retained. Contigs 
matching the H. sapiens reference assembly GRCh38 and a local data-
base of WGA-X reagent contaminants (≥95% identity of ≥100 bp align-
ments) were removed. All SAGs were run through CheckM (v.1.0.7)57 to 
determine cellular genome completeness and a tetramer frequency 
analysis24. The application of this workflow on cSAGs was evaluated 
for assembly errors using three bacterial benchmark cultures with 
diverse genome complexity and %GC, indicating no non-target and 
undefined bases in the assemblies and the following average frequen-
cies of misassemblies, indels and mismatches per 100 kbp: 1.5, 3.0 
and 5.0 (ref. 24). All SAGs were examined for bacterial and archaeal 
taxonomy via GTDB-Tk (v.1.4.1)58. The 16S rRNA gene regions longer 
than 500 bp were identified using local alignments provided by BLAST 
against CREST’s59 curated SILVA reference database SILVAMod (v.128)60 
and classified using a re-implementation of CREST’s last common 
ancestor algorithm.

Co-use of barcode assessment with E. coli spike
The theoretically expected fraction of emSAG assemblies originat-
ing from more than one SPC due to random barcode co-use is 0.36% 
(2,379 × 0.5/244 = 0.0036, where 2,379 is the number of obtained 
genome assemblies and 244 is the total number of barcode combina-
tions). To experimentally verify the low frequency of barcode co-use 
in emSAGs, and due to the technical challenges in robustly assessing 
the purity of genome assemblies of novel extracellular genetic ele-
ments, we introduced a spike of SPCs containing E. coli in the barcoding 
procedure. Subsequently, contigs of the E. coli spike were detected 
in emSAG genome assemblies using QUAST61. Other contigs were 
considered of marine origin. Of the total of 2,379 emSAG assemblies 
with at least one >1-kbp contig, 2,037 assemblies had marine con-
tigs only, 339 assemblies had E. coli contigs only, and 3 assemblies 
had a mix of both (Supplementary Table 4). The presence of marine 
contigs in 0.9% of emSAG assemblies containing E. coli sequences 
translates to the observed fraction of emSAG assemblies originat-
ing from more than one SPC as 1.0% (3 × 2,379/2,037/(339 + 3)), thus 
confirming the high fidelity of EMCG barcoding and computational 
demultiplexing procedures.

SAG annotation and entity assignment
Genes for all SAGs were called using Prodigal62 (flags -d, -a, -g) and 
predicted with all genetic codes considered initially (1, 2, 3, 4, 5, 6, 
9, 10, 11, 12, 13, 14, 15, 16, 21, 22, 23, 24, 25). If code 11 yielded a coding 
density <80%, then the code yielding the highest coding density was 
deemed optimal63 (Supplementary Tables 1, 3 and 5). The amino acid 
sequences of genes identified with the optimal genetic code were 
then aligned to Hidden Markov Model profiles of gene families of 
all eukaryotic, bacterial, archaeal and viral groups in the EggNOG 
database (v.5.0)64 using HMMsearches (hmmsearch -E 0.001; HMMER 
3.3.2)65. We used the highest bitscore as the criterion to determine a 
gene’s best hit. The proportion of cellular genes in a SAG was calculated 
by dividing the number of best hits to a cellular EggNOG family by the 
total gene count. To identify viral contigs within the SAGs, untrimmed 
contigs were analysed with Virsorter2 (v.2.1)66 (default settings) and 
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DeepVirFinder (v.1.0)67. Contigs with a Virsorter2 maxscore ≥0.5 or a 
DeepVirFinder score ≥0.5 and p < 0.05 were deemed ‘viral’. All con-
tigs of a SAG containing at least one virus-like contig were then ana-
lysed using CheckV44 to trim off host regions. Next, the proportion of 
viral-like sequence (in basepairs) in a SAG was calculated on the basis 
of the total untrimmed length of that SAG. SAGs that had a higher frac-
tion of cellular genes than the fraction of viral sequence were deemed 
‘cellular’. Meanwhile, SAGs that had a higher fraction of viral sequence 
than the fraction of cellular genes were deemed ‘virus-like’. If these 
proportions were equal, the SAG assignment was considered ‘unde-
termined’ (Supplementary Tables 1, 3 and 5). Cell-like emSAG genome 
assemblies were deemed to contain a viral infection if they had at least 
one contig over 10 kbp in length that met the criteria used to detect 
viral sequences of SAGs initially described above using VirSorter2 and 
DeepVirFinder (Supplementary Table 2). The 10-kbp length cut-off 
used here is higher than the 1-kbp length used to categorize a SAG as 
cell-like or virus-like out of caution since viral detection altogether is 
more accurate at higher contig lengths, specifically 10 kbp for both 
tools used here (VirSorter2 and DeepVirFinder)66. However, this lim-
its the detection of infections by viruses with shorter genomes such 
as some members of the Inoviridae and Microviridae families. Viral 
sequences of prophages were detected by CheckV as ‘proviruses’ and 
only reported if their contigs were flanked on both sides by host DNA. 
This did not apply to any of the sequences.

CheckV44 was used to assess the quality of virus-like SAG assem-
blies (Supplementary Tables 1 and 3). Because CheckV only runs on 
individual contigs, we joined all viral contigs originating from the same 
SAG with 30 Ns before processing with CheckV63. Because no universally 
accepted method currently exists for the taxonomic classification of 
virus-like genome assemblies, we examined which reference viruses 
the viruses shared the most similarity with by analysing their pro-
tein content. Amino acid sequences of each virus-like assembly were 
aligned against all proteins in the INPHARED database (downloaded 2 
August 2024)37 and remaining non-prokaryotic viruses in Viral RefSeq 
(VRS) (downloaded 9 March 2024)38 using BLASTp (e-value 0.00001; 
(v.2.14.1)68). Tentative classifications were reported for SAGs that had at 
least two genes with the highest bitscore values from BLAST hits to the 
same reference genome (Supplementary Tables 1 and 3). We note that 
this approach reveals the most similar reference phage to a virus-like 
SAG but not necessarily the specific taxonomic group this virus belongs 
to. To determine the genus or subfamily level of classification for the 
virus-like emSAGs, we combined the virus-like emSAG sequences with 
INPHARED and VRS and ran them in vContact2 (ref. 69) (default set-
tings; Supplementary Table 9).

Viral metagenome preparation, assembly and annotation
A total of 40 l of seawater collected from the same sample that was 
for SAG analyses was filtered through a 0.2-µm-mesh-size filter, con-
centrated to 250 ml using a REXEED 30k MWCO tangential flow filter 
system (Asahi Kasei Medical)70,71, and then stored at 4 °C overnight. 
The following morning, this primary concentrate was further con-
centrated to ~1.5 ml final volume (~30,000× concentration) using 
Amicon 100k MWCO ultracentrifugation filters (Millipore Sigma) in 
a refrigerated centrifuge. The collected material was resuspended off 
the filter in DNA-free, deionized water and stored at −80 °C. The DNA 
was extracted from a 30-μl aliquot of this secondary concentrate using 
previously described protocols72. Extracted DNA was subjected to an 
additional clean and concentration step using a Genomic DNA Clean 
and Concentrator kit (Zymo Research), eluting the purified DNA with 
elution buffer heated to 65 °C.

Libraries for DNA sequencing were created with Nextera XT 
(Illumina) reagents following manufacturer instructions, except for 
purification steps, which were done with column cleanup kits (QIA-
GEN QIAQuick PCR Purification and MinElute PCR Purification kits),  
and library size selection, which was done using BluePippin (Sage 

Science) with a target size of 370 ± 43 bp. DNA concentration measure-
ments were performed with Agilent HS D1000 reagents for TapeSta-
tion following manufacturer instructions. Libraries were sequenced 
with NextSeq 2000 (Illumina) and P1 reagents in 2 × 150 bp mode. 
The obtained 127,098,956 read pairs were quality trimmed with Trim-
momatic (v.0.3260)54 using the following settings: -phred33 LEAD-
ING:0 TRAILING:5 SLIDINGWINDOW:4:15 MINLEN:36. Reads matching 
the H. sapiens reference assembly GRCh38 and a local database of 
reagent contaminants (≥95% identity of ≥100 bp alignments) as well 
as low-complexity reads (containing <5% of any nucleotide) were 
removed24. The remaining 123,812,680 read pairs were assembled into 
contigs using metaSPades73 with default settings and filtered for scaf-
folds at least 1,000 bp in length. Virus-like contigs were detected and 
their quality was assessed using VirSorter2 (ref. 66), DeepVirFinder67 
and CheckV44 using the same criteria as in SAG analyses, with a mini-
mum contig length of 1,000 bp (see above; Supplementary Table 2).

vOTU clustering, genome alignments and read mapping
To assess the diversity of virus-like emSAGs and virus-like vMAGs, we 
clustered these together into either nominal virus species or vOTUs, 
which are most commonly defined by ≥95% ANI across ≥85% of the 
length of constituent genomes45. Given that virus-like emSAGs can con-
tain multiple contigs with unknown orientations, we calculated their 
pairwise ANI values between all virus-like emSAGs and virus-like vMAGs 
as averages across their coding sequence lengths. Coding sequences 
of each genome were aligned using BLASTn68 (e-value 0.0001). The 
alignment between two genes with the best bitscore was used. vOTUs 
were determined on the basis of single-linkage clustering using the 
threshold of ≥95% ANI across ≥85% of the length of the smallest con-
stituent genome (Supplementary Table 6).

For the genome alignments within population_66 (Fig. 3d), we 
used the MUMmer4 (v.4.0.0rc1)74 commands nucmer with default 
settings and show-cords -T with the largest genome assembly as the 
reference (Fig. 3d and Supplementary Table 8). For population_245, 
we visualized the region of the largest emSAG assembly to which the 
vMAG BBHvirome2_NODE_14273 aligned (Fig. 3e). For the mapping of 
reads from the virus-enriched metagenome, the reads were initially 
mapped to all genome assemblies of each dataset using bwa mem 
(2.2.1)75 and samtools (1.15.1)76. An index was created using bwa index. 
Then the following commands and flags were used: bwa mem -t 4 | 
samtools view -ShuF4q2–threads 4 | samtools sort -m 8 G–threads 4. 
The samtools index was applied to a bam file output from above. Next, 
reads that mapped at 95% ID, as performed in ref. 77, were filtered. The 
metagenome reads were also mapped on individual genome assemblies 
using bwa mem and the 95% ID threshold (Supplementary Table 1). To 
determine the relative abundance of each vOTU in the metagenome, 
the average number of reads mapped to each emSAG within the vOTU 
was divided by the average assembly length of emSAGs within the 
vOTU (Fig. 4a). The command ‘samtools depth’ was used for positional 
information of mapping to an individual sequence (Fig. 4e).

Naomiviridae analyses
Gene annotations of Noahvirus arc and Noahvirus PM1 were down-
loaded from GenBank and clustered with genes from emSAGs of VC1099 
using OrthoFinder78 (-S blast; v.2.5.5) (Supplementary Table 10). Clus-
ters were then examined for those containing cytosine deaminase, 
DNA polymerase, dTTPase, exonuclease and DNA primase/helicase 
based on the annotation of the cultured genomes’ genes. For emSAGs 
that contained more than one of these genes, corresponding genome 
neighbourhoods were plotted with genoPlotR79 in R (v.4.2.2)80 using 
RStudio81 (v.2023.06.2 + 561) (Supplementary Table 13). To estimate 
the approximate likelihood of missing a gene in the collective VC1099 
emSAGs, we used genome assembly completeness (CA) estimates as 
a proxy. We calculated each emSAG’s completeness by dividing its 
assembly length by the average genome length of the two reference 
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Naomiviridae (72,565.5 bp). We used 1–CA as a heuristic estimate of the 
likelihood that a particular gene would be absent in a genome assembly 
due to assembly incompleteness. The probability of a specific gene 
being missed in all VC1099 emSAGs due to assembly incompleteness 
was estimated as (1–CA1) × (1–CA2)… × (1–CA33), where CA1 through CA33 
are completeness estimates for the 33 emSAGs of VC1099.

To examine DNA polymerase diversity, amino acid sequences 
encoded by virus-like emSAGs, VRS and the INPHARED database were 
searched against HMM profiles provided in ref. 34 using hmmsearch 
in HMMERv3 (e-value < 10−5). The best hit for a genome was selected 
on the basis of the highest bitscore. Due to visualization constraints, 
DNA polymerases found in VRS and INPHARED, excluding the Noah-
virus copies, were clustered at 90% ID with CD-Hit82 (v.4.7; -c 0.99; 
Supplementary Table 14). The resulting amino acids were then aligned 
with Muscle5 (v.5.2)83 (-super5). The alignment was trimmed to remove 
regions that contained >10% gaps (trimAl84; -gt 0.1). A maximum likeli-
hood phylogeny was reconstructed with this alignment using IQ-TREE 
2 (ref. 85) with 1,000 ultrafast bootstraps and 8 independent runs, 
using the ModelFinder algorithm86 to identify the optimal amino acid 
substitution model (-nt 8 -m TEST -wbt -bb 1000 –runs 5 -safe). The tree 
was visualized in iTOL (v.6)87.

All contigs of marine emSAGs were used as input sequences in 
a single de novo assembly with Geneious Assembler (Dotmatics) 
using medium sensitivity and allowing circularization of contigs with 
≥2 sequences. Of the obtained co-assemblies, only two were circu-
larized and examined further. The two circularized co-assemblies, 
which we designated ‘Co-assembly A’ and ‘Co-assembly B’, consisted 
entirely of contigs derived from emSAGs of VC1099, suggesting 
that they represent genetic material of Naomiviridae. Contigs of 
these emSAGs were also aligned to the co-assembly using BLASTn 
(e-value < 10−5) to identifiy the fraction of assemblies that matched the 
co-assembly (Supplementary Table 11). Functional annotation of these 
co-assemblies was performed in the same way as for emSAGs. Their 
amino acid sequences were then searched for against the Noahviruses’ 
genes via BLASTp searches (e-value < 10−5) to identify genes involved 
in replication. Putative hosts of these co-assemblies were predicted 
by BLASTn alignments (bitscores ≥ 1,000) of the contigs of cellular 
SAGs from the Gulf of Maine of this study and two previous studies 
in the Gulf of Maine and global tropics5,35 to the two co-assemblies 
(Supplementary Table 12). The coverage, single nucleotide polymor-
phisms, replication genes and host alignments were mapped onto 
the co-assembly genomes in the web-based software Proksee on the 
web-based interface88.

Data visualization and statistics
Data frames were managed with the pandas package89 in Python 3.8.16 
or the R packages dplyr90, tidyverse91 and reshape2 (ref. 92). Unless 
specified otherwise, plots were created in R using RStudio with the 
following packages: ggplot2 (ref. 93), ggpubr94, cowplot95. Correlation 
tests were completed with the cor.test in base R (method = ‘kendall’). 
Pairwise t-tests (Fig. 3a) were completed with stat_compare_means 
(label = ‘p.signif’; ggpubr function).

Reporting summary
Further information on research design is available in the Nature 
Portfolio Reporting Summary linked to this article.

Data availability
Genomic data are available on figshare at https://doi.org/10.6084/
m9.figshare.29087720.v1 (ref. 96) and on GenBank under BioProject 
accession PRJNA1227513.

Code availability
All bioinformatic tools, visualizations and statistics were completed 
with open-source software and programmes as described in the 

Methods. More detailed code is provided on GitHub as ‘EMCG_code’ 
at https://github.com/scubalaina/EMCG_code/tree/main (ref. 97).
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