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Potential virus-mediated nitrogen cycling in oxygen-depleted oceanic waters

Evidence of function for these viral AMGs stems from in
silico observations of the proteins. For FocA, known fea-
tures (six transmembrane domains) and a conserved and
highly charged C-terminal regulatory region [89, 90] were
identified (Supplementary Fig. S5A). The viral protein was
similar (86% amino-acid identity) to that in Pro-
chlorococcus marinus MIT1323 and Prochlorococcus sp.
MITO0701 (LLIV) (Fig. 2B), and the structural model was
predicted with 100% confidence to be a formate/nitrite
transporter (Fig. 2C and Supplementary Table S4). For
NirA, known features that were identified included two
nitrite/sulfite reductase ferredoxin-like half domains and a
nitrite/sulfite reductase 4Fe—4S-binding site [84] (Supple-
mentary Fig. S5B). The viral protein was similar (67%
amino-acid identity) to a functionally active Synechococcus
NirA (Fig. 2B), and the structural model was again pre-
dicted with 100% confidence to be a NirA (Fig. 2C and
Supplementary Table S4). In addition, the calculated ratio
of non-synonymous to synonymous polymorphisms (pN/
pS) for focA was 0, with seven single-nucleotide poly-
morphisms (SNPs) identified, and 0.25 for nirA, with 27
identified SNPs, indicating strong purifying selection (pN/
pS ratios <0.3; Supplementary Table S5) as would be
expected for a gene encoding a functional protein.

Functionally, it is plausible that the acquisition of nirA
and focA genes could benefit OMZ viruses. NirA is involved
in assimilatory nitrite reduction (nitrite reduction to ammo-
nia; [91]), whereas FocA is a nitrite transporter from the
formate/nitrite family [92]. NirA was initially described in
cyanobacteria but is widely distributed among eukaryotic
algae and vascular plants [91], as well as other bacteria and
archaea, as observed in the NCBI database, while FocA is
found in bacteria, predominantly Proteobacteria, archaea,
fungi, algae, and parasites [93]. In OMZs, the lack of oxygen
requires the use of alternative electron acceptors, with nitrate
being the most energetically favorable. Nitrate is reduced by
denitrifiers to nitrite, which in turn accumulates in OMZs
and can fuel anaerobic ammonia oxidation [40]. Presumably
then, if functional, viral FocA and NirA would be advan-
tageous during infection by reducing their host’s need to
compete for limited nitrate and ammonia.

Finally, two additional features suggested that the viral
nirA and focA are transcribed during host infection. First,
both genes were in the same transcriptional unit, similar to
what has been reported for Prochlorococcus MIT9313,
where nirA, focA, and the uncharacterized gene between
them are co-expressed [85]. Second, two NtcA-binding sites
followed by sigma-70 promoters were observed upstream of
these genes (Supplementary Table S6). In Prochlorococcus,
these regulatory features were present and more numerous
in this same region (triplicate in MIT9313 and duplicate in
MIT1323, Supplementary Table S6), which suggests the
downstream nirA and focA genes are likely to be active.

Similarly, we posit that the binding sites for NtcA and
sigma 70 promote an efficient expression of viral focA and
nirA during infection.

Nitrite reductase and nitric oxide reductase

The third and fourth of the six N-cycle AMGs included a
copper-containing nitrite reductase gene nirK and a nitric
oxide reductase gene norB, neither of which had been
previously detected in viral genomes. Similar to the focA
and nirA AMGs, nirK and norB were contiguous, with norB
immediately followed by nirK, though also with a predicted
promoter and terminator (Fig. 3A), which might indicate the
kind of transcriptionally autonomous unit (termed a
“moron”) that is a hallmark of phage genome evolution
[94]. The original viral scaffold containing these new
AMGs, St16_omz_317 (52,903 bp), had 68 genes, 22 of
them identified as viral-like by VirSorter. Two of these
genes corresponded to T4 core genes (gp44 clamp loader
subunit and gp43 DNA polymerase), and one to a non-
cyanophage T4 core gene (gp9 baseplate wedge tail fiber
connector) (Fig. 3A and Supplementary Table S2). Despite
the low percent of genes annotated as viral in this scaffold,
the high proportion of genes with no affiliation, viral or
otherwise, together with the low rate of strand switching
(i.e., change of coding strand between two consecutive
genes), are also an indicator of a viral sequence, reinforcing
the viral origin of this scaffold [52]. The norB / nirK region
likely represents a viral genomic island where host DNA
accumulates akin to that in T4-like cyanomyophages
[26, 95] as it is surrounded by genes that encode proteins of
unknown function, proteins involved in protein biosynthesis
and modification, and in tricarboxylate transport (Supple-
mentary Table S2). Taxonomic annotation of the viral-like
genes suggested the virus is a Myovirus (Supplementary
Table S2), though it is likely a new genus as it formed its
own separate viral cluster in gene-sharing networks (Sup-
plementary Table S3) that resolve genus-level taxonomy
[54, 96].

The viral NirK protein clustered with microbial NirK
from Clade I [97], being most closely related to Gamma-
proteobacteria (67-70% protein identity; Fig. 3B), while
NorB was most closely related to Acidobacteria (57-62%
protein identity), Magnetovibrio blakemorei (62% protein
identity), and the Gammaproteobacteria strain HdAN1
(59.3% protein identity) (Fig. 3B). These genes could have
been acquired by the virus together or, more likely, in
separate events, as the order and orientation of the genes is
different from that of any known microbial genome. Inter-
estingly, mobility has been suggested for both of these
genes, with nirK reported in plasmids from Azospirillum
brasilense [98], and norB present in microbial contigs of
four different phylotypes in metagenomes from ETNP
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Fig. 3 Genomic context, diversity, and protein structure of viral
norB and nirK. A Genetic map of the scaffold encoding norB and
nirK. Detailed annotation of this contig can be found in Supplementary
Table S2. B Maximum-likelihood trees from amino-acid alignments of
viral NorB or NirK found in ETSP and reference microbial sequences.
The first tree represents the heme—copper oxidases superfamily,
including cytochrome C oxidase cbb3-type (cbb3 oxidase),

OMZ, one of which contained plasmid competence genes
upstream of norB [99]. The presence of these genes in viral
genomes defines an adjunct agent for transferring niche-
defining traits in the oxygen-deficient water column.
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cytochrome c-dependent nitric oxide reductase (cNORs), and quinol-
dependent nitric oxide reductases (qNORs) including the potential NO
dismutases (in red) (from ref. [101]). Viral AMGs found in this study
are highlighted in bold. Internal nodes and SH-like supports are
represented by proportional circles (all nodes with support <0.50 were
collapsed). C Tertiary structures of viral NorB and viral NirK.

In silico, both genes appeared to be functional (Supple-
mentary Table S4). Viral NirK contained two copper-
binding motifs and key active site residues required for
nitrite reducing activity [97] (Supplementary Fig. S6A) and



