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ABSTRACT For the abundant marine Alphaproteobacterium Pelagibacter (SAR11), and
other bacteria, phages are powerful forces of mortality. However, little is known about
the most abundant Pelagiphages in nature, such as the widespread HTVC023P-type,
which is currently represented by two cultured phages. Using viral metagenomic data
sets and fluorescence-activated cell sorting, we recovered 80 complete, undescribed
Podoviridae genomes that form 10 phylogenomically distinct clades (herein, named
Clades | to X) related to the HTVC023P-type. These expanded the HTVC023P-type pan-
genome by 15-fold and revealed 41 previously unknown auxiliary metabolic genes
(AMGs) in this viral lineage. Numerous instances of partner-AMGs (colocated and involved
in related functions) were observed, including partners in nucleotide metabolism, DNA
hypermodification, and Curli biogenesis. The Type VIII secretion system (T8SS) responsible
for Curli biogenesis was identified in nine genomes and expanded the repertoire of T8SS
proteins reported thus far in viruses. Additionally, the identified T8SS gene cluster con-
tained an iron-dependent regulator (FecR), as well as a histidine kinase and adenylate cy-
clase that can be implicated in T8SS function but are not within T8SS operons in bacteria.
While T8SS are lacking in known Pelagibacter, they contribute to aggregation and biofilm
formation in other bacteria. Phylogenetic reconstructions of partner-AMGs indicate deriva-
tion from cellular lineages with a more recent transfer between viral families. For example,
homologs of all T8SS genes are present in syntenic regions of distant Myoviridae
Pelagiphages, and they appear to have alphaproteobacterial origins with a later transfer
between viral families. The results point to an unprecedented multipartner-AMG transfer
between marine Myoviridae and Podoviridae. Together with the expansion of known met-
abolic functions, our studies provide new prospects for understanding the ecology and
evolution of marine phages and their hosts.

IMPORTANCE One of the most abundant and diverse marine bacterial groups is
Pelagibacter. Phages have roles in shaping Pelagibacter ecology; however, several
Pelagiphage lineages are represented by only a few genomes. This paucity of data from
even the most widespread lineages has imposed limits on the understanding of the diver-
sity of Pelagiphages and their impacts on hosts. Here, we report 80 complete genomes,
assembled directly from environmental data, which are from undescribed Pelagiphages and
render new insights into the manipulation of host metabolism during infection. Notably, the
viruses have functionally related partner genes that appear to be transferred between distant
viruses, including a suite that encode a secretion system which both brings a new functional
capability to the host and is abundant in phages across the ocean. Together, these functions
have important implications for phage evolution and for how Pelagiphage infection influen-
ces host biology in manners extending beyond canonical viral lysis and mortality.

Month YYYY Volume XX Issue XX

Editor Michael S. Rappe, University of Hawaii at
Manoa

Copyright © 2022 Wittmers et al. This is an
open-access article distributed under the terms
of the Creative Commons Attribution 4.0
International license.

Address correspondence to Alexandra Z.
Worden, azworden@geomar.de, or David M.
Needham, dneedham@geomar.de.

The authors declare no conflict of interest.

Received 30 December 2021
Accepted 11 July 2022

10.1128/msystems.01522-21 1

Downloaded from https://journal s.asm.org/journal/msystems on 10 September 2022 by 134.245.208.221.


https://orcid.org/0000-0003-0859-8871
https://orcid.org/0000-0001-7257-2516
https://orcid.org/0000-0001-7810-1336
https://orcid.org/0000-0002-2431-4296
https://orcid.org/0000-0002-9888-9324
https://creativecommons.org/licenses/by/4.0/
https://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1128/msystems.01522-21
https://crossmark.crossref.org/dialog/?doi=10.1128/msystems.01522-21&domain=pdf&date_stamp=2022-00-00
https://crossmark.crossref.org/dialog/?doi=10.1128/msystems.01522-21&domain=pdf&date_stamp=2022-8-16

Multigene AMG Systems in Pelagiphages
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he most abundant bacteria in the surface ocean are minimalistic, free-living hetero-

trophs belonging to the SAR11 alphaproteobacterial lineage, Pelagibacter (1, 2).
Although death by viral lysis is an important force of mortality for marine bacteria,
knowledge of the diversity and biology of phages infecting SAR11 lineages is nascent.
Cultured representatives are still sparse (3, 4), in part due to the challenges behind cul-
turing both SAR11 hosts and their phages, although progress is being made in this
regard (4, 5). To date, cultured Pelagiphages come from three families: Myoviridae,
Podoviridae, and Autographiviridae (6). Cultivation-independent metagenomic studies
have been used to more fully characterize the genomic content of Pelagiphages and
the potential molecular mechanisms by which they manipulate hosts and their ecology
(7). The latter have contributed to an expanded view of core genomic attributes, partic-
ularly for the Myoviridae and the Autographiviridae HTVCO10P-type Pelagiphages.
Additionally, the identification of auxiliary metabolic genes (AMGs) has expanded phage-
host ecology studies from focusing purely on the viral life cycle and host mortality to also
considering how specific phage genes repurpose, manipulate, and/or augment host me-
tabolism during infection (8).

AMGs often encode critical proteins of host metabolic pathways that act as bottle-
necks for viral propagation during infection (8-14). Perhaps the best studied group
of marine phages with respect to AMGs are those that infect the Cyanobacteria
Prochlorococcus and Synechococcus. For example, Cyanophage photosystem genes
appear to have been acquired independently from contemporary hosts multiple
times (15, 16), with some Cyanophages having just psbA, some just psbD, and others
having both genes (17). The availability of cultures of these phages has facilitated the
demonstration of the fact that host synthesis of virally encoded psbA and/or psbD
results in an augmentation of photosynthesis (18). In some cases, viral AMGs cannot
be traced to extant hosts at all (17), whereas in other cases, for example, cyanophage
transaldolase C protein sequences in cultured Myoviridae and Podoviridae (9, 19),
greater homology exists between those of the two viral families than to host ver-
sions, suggesting between-virus transfers (9, 19).

With respect to Pelagiphages, metagenome-based studies have revealed not only
the diversity of uncultivated Pelagiphages but also AMGs and variable regions that
they carry (7, 20). This is particularly true for the Myoviridae, for which a survey of 26 vi-
ral metagenome-assembled genomes from phages that putatively infect Pelagibacter
(7) identified two main groups of functionally related AMGs. One group contained
genes associated with nucleotide metabolism, such as cobalamin synthases (cobS,
cobT) and peptide deformylase (PDF), and the other group contained genes associated
with lipopolysaccharide modification (glycosyltransferases). The same study (7) also
reported a partial Type VIII Secretion System (T8SS, also known as Curli) which, in bac-
teria, is implicated in adhesion, aggregation, and biofilm formation (21). Specifically,
they found a clustered region that includes the known T8SS genes CsgF and CsgG, as
well as two hypothetical proteins and another gene encoding an unspecified “Curli-asso-
ciated protein”. Although two other known essential T8SS proteins were not explicitly
identified, these types of searches provide valuable starting points for considering the
repertoire of genes encoding metabolic functions that might shape Pelagibacter physiol-
ogy, once infected. Moreover, they raise questions regarding the taxonomic origins, ac-
quisition, and retention of AMGs that are both colocated in the phage genome and func-
tionally related, herein termed partner-AMGs.

To date, knowledge levels are uneven between the different families of Pelagiphages,
with those considered the most abundant in nature being less well-characterized than
others. Members of the Podoviridae and Autographiviridae that infect SAR11 are considered
highly abundant (22), especially the Podoviridae HTVC023P-type Pelagiphages (6). However,
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thus far, just two HTVC023P-type Pelagiphages have been cultured and genome sequenced
(6), and both were isolated against the same SAR11 isolate (HTCC1062). Thus, there is still
much to be learned about the potential gene content of the HTVC023P-type Pelagiphages,
including uncultured relatives, such as those represented by partial environmental genome
assemblies that were noted (6) in the GOV2.0 database (23). Here, we address three topics
regarding the HTVC023P-type lineage of Podoviridae. First, we examine levels of phyloge-
netic and genomic diversity that can be recovered from ocean data and assembled into
complete genome sequences of environmental HTVC023P-type relatives. Second, we
characterize the core and AMG repertoires of these viruses. Third, we perform phylo-
genetic studies to test for the taxonomic origins of retained AMGs that are functional
partners. For these purposes we used fluorescence-activated cell sorting (FACS) at
sea, systematic queries of global reference environmental viromes (23), tailored as-
sembly methods, and robust phylogenetic methods to identify a suite of uncultured
Pelagiphages belonging to the Podoviridae. Collectively, we phylogenomically relate
multiple circular, complete “wild” HTVC023P-type genomes and analyses of these
provide new insights into the HTVC023-type lineage. Additionally we identify an un-
precedented gene cluster transfer of partner-AMGs between the Myoviridae and
Podoviridae families, suggesting a strong selective pressure for the retention of an
entire “viral” T8SS and the function it encodes.

RESULTS

Recovery of genomes from uncultivated phage of interest. We used a multifac-
eted approach to recover the complete genomes of uncultivated Pelagiphages of the
HTVCO023P-type Podoviridae. This started with BLASTP searches using the DNA poly-
merase A (PolA) gene from Pelagiphages HTVC023P and HTVCO027P. Searches were per-
formed against genome assemblies from bacteria FACS sorted from the Pacific Ocean
that then underwent whole-genome ampilification using multiple displacement amplifica-
tion (MDA), sequencing, and assembly. Searches were also performed against published
metagenomic contigs from a FACS-based bacterial study (24) and metagenomic virome
contigs from the GOV2.0 database (23). The recovered viral contigs encoded PolA genes
that overlapped with some of those identified in (6) as putatively being from the HTVC023P-
type, and were then all evaluated for completeness. We were able to circularize a subset of
these using terminal overlaps. These efforts rendered 81 environmental circularized viral
genomes (envCVGs) of putative Pelagiphage for subsequent analyses (Data Set S1A-I).

Phylogenetic identification and core characteristics of uncultivated HTVC023-
type genomes. To investigate the true relatedness of the 81 envCVGs to one another
and to other viral lineages, we performed a maximum likelihood reconstruction that incor-
porated PolA from the envCVGs, Podoviridae, and Autographiviridae lineages, including cul-
tured isolates of the HTVC023P-type (Podoviridae) and the Autographiviridae HTVCO19P-
type and HTVC103-type Pelagiphage lineages. Viral lineages that lack PolA (and instead
have PolB), such as Myoviridae (6, 7), were excluded. The analysis indicated that 68 of the
newly identified envCVGs belonged to two statistically supported groups, with two
Podoviridae of Pseudomonas hosts and an alphaproteobacterial phage placed in an out-
group position (6). One of the supported groups contained the two cultured HTVC023P-
type phages, HTVC023P and HTVC027P, as well as FACS-derived 023Pt_envCVGaos01
and 023Pt_envCVGpos29 (for “Atlantic Ocean Sort” and “Pacific Ocean Sort”, respectively)
and many other envCVGs, while the other group contained 13 envCVGs (Fig. 1A). A mul-
tigene analysis was also performed, in this case using a concatenated alignment of five
conserved proteins (PolA, DEAD/DEAH box helicase, primase, capsid, and one hypotheti-
cal protein [Fig. S1]1). Although the backbone of the resulting reconstruction differed
from that of the PolA reconstruction, the general topology, in terms of clade structuring,
was similar. Hence, we delineated and named 10 clades (I to X) that were coherent
between the two trees (same members) and had three or more members, with the
requirement that the clade retain =90% bootstrap support in both reconstructions
(Fig. 1; Fig. S1). In both trees, 023Pt_envCVG74 exhibited a long branch, and in the multi-
gene tree, it was placed outside the overall Pelagiphage group. Therefore, we do not
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FIG 1 Evolutionary relationships between Podoviridae and the recently partitioned Autographiviridae (e.g., Pelagiphage HTVCO19P-type)
and their distribution across biogeographical provinces. (A) Maximum likelihood (ML) reconstruction of PolA under the LG+1+G4 model.
Sequences named “Pelagibacter phage” come from cultured phages shown to infect one or more Pelagibacter isolates, whereas
sequences labeled “env” represent PolA from envCVGs (Data Set S1D). POS and AOS indicate PolA from circularized phage genomes
derived from at-sea FACS and subsequent sequencing. Node support reflects the percentage of 1,000 ultrafast bootstrap replicates. (B)
Map with all stations queried. Colors indicate the biogeographic province of recovery, as included in (A), based on Longhurst et al. (25).

HTVC023P-clades were assigned based on supported phylogenetic clades.

term it as a putative 023Pt Pelagiphage, reducing the final set to 80. Clear correspondence
was not observed between either the biogeochemical provinces (25), or geographic loca-
tions, where the phage genomes were recovered and the phylogenetic clade structure.

The 80 putative HTVC023P-type envCVGs came from 39 stations, spanning five major seas
and oceans (Fig. 1B), highlighting the broad geographic distribution of this Pelagiphage line-
age that has been observed in previously single-gene environmental analyses (6, 26). On aver-
age, all HTVC023P-type envCVGs have similar sizes; with a mean genome size of 58,776 *
2,523 kb and 42.1 = 6.4% G+C content (n = 82, which includes the cultivated HTVC023P and
HTVC027P). These phages encoded, on average, 82 = 9 open reading frames (ORFs) per
genome.

Protein clustering revealed that the HTVC023P-type pan-genome contains 2,007 genes,
79.8% of which belonged to orthogroups (Data Set S1A). The core genome had 13 genes and
consisted of viral replication and DNA packaging genes (helicases, terminase, and
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FIG 2 Orthogroup content patterns connect to phylogenetic relationships with patchier distribution of AMGs across HTVC019P-type and env102
clades. (A) All-vs-all pairwise comparison of Pelagiphages showing the percent of orthogroups that are shared between given Pelagiphages. The
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DNA polymerase), a co-chaperonin GroES, and eight other genes with no annotation
(Data Set S1l). Across all HTVC023P-type genomes 623 orthogroups were identified,
that is, groups that contained orthologs present in two or more genomes. On aver-
age, 17 = 9 unique (i.e., not found in another HTVC023P-type phage) genes were
observed per genome (Fig. 2A and B; Data Set S1A). The distribution of orthogroups
within the phage genomes corresponded well with the clade structure of the
HTVC023P-type lineages (Fig. 1A and 2A). These results suggest that evolutionary
relatedness, as resolved in clade structure, connected with ortholog content and that
the acquisition and retention of these orthologs/orthogroups was relatively inde-
pendent of the geographic location where they were observed in today’s oceans.

Auxiliary metabolic gene distributions. Functional annotation of the 623 orthogroups
identified in the uncultured HTVC023P-type phages, as well as the two cultured representa-
tives, were examined using identified Pfam domains and similarities to potential homologs
in NCBI nr. 569 of the orthogroups could not be further classified because they lacked identi-
fiable Pfam domains or were too distant from known sequences to allow for inferences
regarding possible functions. However, 54 were assigned putative cellular functions and
showed homology to sequences from Bacteria, Archaea, or eukaryotes, and were termed
AMGs herein (Fig. 2C). This AMG number is four-fold higher than that previously reported
(13) from the genomes of isolates HTVC023P and HTVCO027P (6).

Importantly, the new AMGs (for this lineage) highlighted a breadth of putative func-
tions, with genes encoding proteins for DNA or protein modifications being most prev-
alent (Fig. 2C). 45 percent of the 82 genomes from the Podoviridae Pelagiphage line-
age carried a phosphoriboslyaminoimidazole synthetase (purM), involved in purine
biosynthesis (27), which was often associated with an AAA-domain. Clade Il 023Pt_aos01 and
023Pt_pos29 encoded peptide deformylase (PDF), which catalyzes an early reaction of purine
biosynthesis (Fig. S2) (22). We also identified three glycosyltransferases, proteins which can be
involved in the modification of DNA or proteins (7). Additionally, members of the diverse 2-oxo-
glutarate (20G) and iron(Fe[ll])-dependent oxygenase (20G-Fe[ll) superfamily that were
detected catalyze the incorporation of O, into a range of molecules (28).

Three AMG-types were notable for being colocated and for appearing to involve one or
more functionally related AMG, in addition to potential host components that might be
needed for their function. These three were the aforementioned 20G-Fe(ll) superfamily pro-
teins, as well as DNA hypermodification enzymes, and secretion system related genes. The first
of these involved eight distinct (nonorthologous) AMGs annotated as belonging to the 20G-
Fe(ll) oxygenase superfamily. These were frequently nearby with in a genome (although not
adjacent) and were also often colocated with a partner in the form of one or two ferrochela-
tases (Fig. 3A), enzymes responsible for the insertion of divalent iron cations into tetrapyrrole
structures, such as Heme. Pelagibacter isolates are known to have an iron response regulator
(29) acting on the expression of iron-dependent genes, with the regulator directly interacting
with ferrochetalase. While gene ordering varied, whenever a phage encoded ferrochelatase, a
20G-Fe(ll) oxygenase was found adjacent to it (Fig. 3A). Note that the converse is not necessar-
ily true as the oxygenases themselves could also occur as single entities.

The second AMG-type that involved partners had functions in DNA hypermodification
(30) and was present in all Clade V, VI, and IX HTCV023P-type Pelagiphages (Fig. 2C).
Specifically, proteins encoding thymidylate synthase (TS) and alpha-glutamyl/putrecinyl
thymine pyrophosphorylase clade 1 (aG/PT-PPlase1) were located nearby to each other
(Fig. 2C and 3A). Additionally, a 5'-deoxynucleotidase and a putative beta-glucosyl-HMC-
alpha-glucosyl-transferase were present in the same genomic region as TS and aG/PT-
PPlase1 in multiple Clade Il Pelagiphages, close to the DNA polymerase (Fig. 3A).

FIG 2 Legend (Continued)

heatmap is sorted by the phylogenomic results as in Fig. 1A, thus demonstrating the degree to which phylogenetic clades have shared proteins.
(B) Genome size and number of shared and unique proteins for each HTVC023P-type Pelagiphage. Proteins were classified as shared if they had
an ortholog in at least 1 other HTVC023P-type genome. Unique proteins refer to proteins with one or more copies within a single one of these
genomes but no detection in the others. (C) Presence or absence of all AMGs found in at least two HTVC023P-type phage genomes. Annotations
are based on a BLASTP analysis against NCBI nr (e-value < 1 x 107'°) and hmmsearch against Pfam (e-value < 1 x 107'°) and were manually

curated. For all panels, HTVC023P clades are assigned according to the results of Fig. 1A.
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FIG 3 Genome synteny across Pelagiphage HTVC023P-type and the conservation of T8SS gene structure. (A) Linearized alignment
of representative (circular) genomes from Podoviridae HTVC023P-type Pelagiphages along with related environmental sequences.
ORF orientation (arrowheads) and homologous ORFs (shaded by amino acid similarity levels) are indicated. Curli genes are colored as in
the enlarged module shown in (B). AMGs (identified in Fig. 2C) are indicated (orange), as are conserved core phage genes (blue). AMGs
previously annotated (6) in the HTVC023P-type lineage are marked (*). (B) General organization of the viral Curli genes in 9 representative
Pelagiphage Podoviridae circularized genomes. (C) Proposed cellular localization of the viral genes when expressed and translated in
Pelagibacter, based on concepts from E. coli (30). Note that SecYEG, necessary for translocation proteins, including Curli components, into
the periplasm, is encoded outside Curli operons in model bacteria (73) and is encoded in the Pelagibacter genome (Acc.
GCA_012276695.1).

Finally, we noted multiple proteins involved in a T8SS in the envCVGs. The T8SS were in
the genomes of four Clade VIIl HTVC023P-type Pelagiphages and in three of which were in
three members of the its sister clade, Clade IX. Single representatives of Clades V and VI also
had the T8SS. These genes appeared not only to be colocated but also to have conserved
order, unlike the above partner-AMGs (Fig. 3A and B). The Podoviridae T8SS region appeared
to be functional (Fig. 3C) and encoded up to seven proteins, comprising on average 7.8 =
1.6% of the entire phage genome. Three known T8SS genes were universally present: Curli
assembly chaperone (CsgF), Curli transport pore (CsgG), and Curli repeat fiber (CsgA/B).
These were always preceded by a histidine kinase (HK), sometimes two, and were followed
by a ferric citrate regulator (FecR). The latter was frequently followed by a second Curli
repeat fiber gene and an adenylate cyclase (AC), catalyzing cyclic AMP production.

Next, we utilized HMM-models built from the viral sequences identified herein to reex-
amine the Myoviridae MAGs, in which CsgG and CsgF had been explicitly identified, and for
which other related proteins had been inferred to be present (7). Our searches exposed all
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of the T8SS genes essential for Curli fiber secretion, alongside the newly identified, putatively
regulatory FecR and AC, including proteins that encode the critical Curli fiber repeats
(CsgA/B) in the Myoviridae Pelagiphages (Fig. 3 and Fig. S3).

Evolutionary origins of partner-AMGs. We next pursued the potential origins of
the partner AMGs, that is, those that were colocated and had related functions. In the
case of the 20G-Fe(ll) superfamily members, the extent of the gene family expansion and
short protein sequence length rendered the viral proteins unsuitable for phylogenetic analy-
sis, precluding the rigorous pursuit of their potential origins in connection to those of their
partner-AMGs. However, we were able to analyze both of the other types of partner-AMGs.

Of the two proteins involved in DNA hypermodification (Fig. 2C), we found that the
HTVCO023P-type aG/PT-PPlase sequences were placed in a broad clade of viral sequen-
ces (103 in total) seperate from orthologs from multiple bacterial lineages (Fig. S4). The
Pelagiphage sequences formed a supported paraphyletic group that included sequen-
ces from marine environmental phages with unidentified hosts, and an interior clade
which contained four sequences from PaMx11-like Siphoviridae. Adjacent to this broad
group was a supported clade of sequences from Mé6-like Siphoviridae that infect
Pseudomonas and Bordetella. Notably, all Clade V sequences grouped together in a
supported clade, while the Clade VIII and IX sequences were distributed across the
Pelagiphage group (apart from the PaMx11-like clade) and incorporated multiple other
environmental sequences. Moreover, the topology of this reconstruction was akin to that of
the phylogenomic reconstruction (Fig. S1) in that all three Clade IX sequences (envCVG_03-
05), which came from two biogeochemical provinces in the South Pacific, were placed in a
supported basal position to the broader group in which aG/PT-PPlasel sequences from
Clade V, VIl and IX members were placed (Fig. S4; Data Set S1H). In contrast, TS identified
in 154 phages formed affiliations with several different bacterial lineages, while the
Pelagiphage sequences belonged to a supported group containing 85 viral sequences and
were in a region of the tree that also included sequences from unidentified environmental
bacterial genomes, Gammaproteobacteria, and Cyanobacteria (Fig. S5). Apart from the
most basal sequences, the backbone of this paraphyletic group of viral sequences did not
retain support. However, again, Clade V sequences formed a supported clade that also con-
tained other environmental phage sequences (unidentified hosts). As seen for the aG/PT-
PPlase1, sequences from Mé-like and PaMx11-like Siphoviridae were more closely related to
the Pelagiphage versions than to other TS, based on currently available data.

We also performed phylogenetic reconstructions of the four T8SS partner-AMGs that
were amenable to such analyses (i.e., excluding HK and CsgA/B, as they are short, diverged,
and/or include paralogs). Statistical evidence was present in support of the Podoviridae and
Myoviridae CsgG, CsgF, FecR, and AC sequences being most closely related to the
alphaproteobacterial versions (Fig. 4A to D). Moreover, the Podoviridae versions collectively
branched together, but typically within those of Myoviridae, suggesting a transfer from the
Myoviridae to Podoviridae, based on available taxonomic sampling. The organization of the
viral modules also resembled the organization of the modules found in Alphaproteobacteria,
with the T8SS components found in other bacterial classes (CsgC, CsgD, and CsgE) not being
present (31). Together, these lines of evidence suggest a cross- viral family transfer of the entire
module, with an original acquisition from an Alphaproteobacterium.

Global distribution and ecological importance of Pelagiphage T8SS. Beyond the
Curli components identified in the envCVGs recovered herein, we sought to further
characterize the distribution of the component parts from noncompletely assembled
viruses in GOV2.0. Using this approach, viral Curli proteins were detected at all 65
GOV2.0 stations (Fig. 5A), as was the affiliated viral FecR (Fig. 5B). This demonstrated
the widespread and frequent occurrence of phage Curli, which made up about 0.1% of
all assembled viral proteins. We found evidence for expression of all of these in Pacific
metatranscriptome data (32) collected from the location of the sorted 023Pt_pos29
reported herein, along a transect ending ~750 km offshore, as well as in a coastal metatran-
scriptome time-series (33) (Data Set S1B and C). The ratios in which the genes were found
(pairwise average ratio of 0.93 = 0.15) strongly suggests that the region (as represented in the
envCVGs) is conserved across Pelagiphages in the ocean (Fig. 5C to J; Data Set S1F). Additional
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FIG 4 Evolutionary analyses point to cross-viral family T8SS gene transfer. (A-D) ML reconstructions of (A) CsgG, (B) FecR, (C) AC, and (D) CsgF,
incorporating protein sequences from Myoviridae and Podoviridae Pelagiphages as well as bacterial and marine environmental genomes, computed
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CsgG topology at a higher resolution. The sequence labeled NC_020484 comes from cultured HTVCO08M, which infects Pelagibacter (20). Examples of
T8SS region organization in each lineage are also depicted (A). (B-D) The lineage coloring follows that established in (A).

filtering to complete the Curli operons from GOV2.0 (but not the envCVGs) revealed that both
the Myoviridae and Podoviridae T8SS typically had a similar organization to those identified
in the envCVGs, except that the second copy of CsgA/B and AC were more frequently present
in the Myoviridae (Fig. 6). Although FecR and AC are not always observed in the Curli regions,
overall, the results suggest that selection is operating at a multigene level that includes the
complete classical operon alongside viral FecR and AC.

DISCUSSION

Previous studies have highlighted the diversity of Pelagiphage HTVC023P-type
sequences in the ocean. Initially, a group of seven environmental contigs with PolA
protein sequences were identified, and they appeared to be from abundant viruses,
but with unknown hosts (34). This group was expanded through the GOV sequencing
effort, comprising the two most globally distributed and abundant GOV clusters, VC_6
and VC_8 (35). The clusters were suggested to represent viruses of Pelagibacter upon
the genome sequencing and analysis of the two first HTVC023P-type Pelagiphage iso-
lates (6). Here, the completion of 80 Pelagiphage genomes from environmental data
obviated biases potentially induced in phage cultivation efforts. Analysis of these genomes
provided unprecedented insights into the genomic potential of HTVC023P-type phages,
their AMGs, and partner-AMGs.

Phylogenetic and phylogenomic analyses revealed 10 statistically supported
HTVCOP23P-type clades, not distinguished in prior reconstructions, including sister
Clades IV and VI, for which potential hosts are less clear, although likely Pelagibacter
or close relatives (Fig. 1A; Fig. S1). Among the HTVC023P-type clades, two contain
isolated Pelagiphages as well as sequences from uncultivated phages (Clades | and
I), and the other eight are formed of uncultivated members only. When we com-
pared the phages captured herein to a large, well-characterized group of Myoviridae
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FIG 5 Consistent and abundant distribution of viral T8SS in the ocean. (A, B) Frequencies of (A) CsgG and (B)
FecR at 65 GOV2.0 stations. (C-H) Comparison of frequencies for specific components from classical bacterial
T8SS operons, as well as to viral FecR, at all 65 of the GOV2.0 stations analyzed. (I, J) or comparison we also
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Colors indicate Myoviridae (pink) and Podoviridae (blue) T8SS component frequencies, and all T8SS gene
frequencies were normalized by total viral ORFs, per the respective ocean sampling station.

that infect marine Cyanobacteria (36), specifically Synechococcus or Prochlorococcus,
we observed a similar degree of sequence diversity, highlighting the fact that
phages with <50% AAI and sharing only 25% of their orthogroups can be associated
with the same broad host lineages (Fig. S6).

Gene predictions for the HTCV023P-type Pelagiphage envCVGs rendered a greatly
expanded gene catalog, with the pan-genome being 15-fold larger than previously reported
(6). The recovery of considerable diversity, supported by complete genome sequences, also
enabled the discovery of 41 AMGs not known in the HTVC023P-type Pelagiphages.
Notably, due to the amount of microdiversity present in the Pelagiphages (26), it is likely
that only a fraction of the AMGs present in nature. It is also possible that those obtained
are found preferentially in the viruses recovered, due to the methods used. We expect
that new efforts and techniques will lead to further representation of Pelagiphages.
Here, the largest functional group of HTVC023P-type AMGs contained enzymes generally
associated with DNA metabolism and modification. The same has been seen for both
Cyanophage (9) and Pelagiphage (7) Myoviridae. Hence, the influences of phages on
DNA metabolism and modification appear to be particularly important in the interac-
tions between marine phages and their hosts.

Among the larger group of AMGs associated with nucleotide modification, a cluster
involved in thymidine hypermodification of DNA stands out due to its high prevalence,
along with that of a partner-AMG in Clade V, VIII, and IX Pelagiphages. The closest culti-
vated, non-Pelagibacter-infecting relatives to HTVC023P-like Podoviridae, Pseudomonas
infecting M6-like phages, exhibit similar AMG partnering (30). In the M6-like system,
the TS always occurs with an aG/PT-PPlase1 and is important for protecting viral DNA
from host restriction enzymes via the process of thymidine hypermodifications, replac-
ing 30 to 40 percent of thymidine bases with modified derivatives in Pseudomonas
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module found in sequences, relative to all modules from the respective viral family.

phage M6 and Salmonella phage Vil (30). As in the M6-like phages, the two proteins
in the HTVC023P-type are located in close proximity to PolA, which assembles DNA
nucleotides (Fig. 2C and 3A). The phylogenetic reconstruction of both TS and aG/
PT-PPlase1 confirmed the relationship of the M6-/PaMx11-like and HTVC023P-type
proteins, and for the TS, also that of Alphaproteobacteria phage phiJl001 (Fig. S5 and S6).
In contrast to these Podoviridae, in Myoviridae that infect marine Cyanobacteria and
others that infect Pelagibacter, the TS, which is not closely related to the M6-/PaMx11-like
TS, occurs without aG/PT-PPlase1 and thus is presumed to only be involved in thymidy-
late synthesis (7, 30) (Fig. 3A). The HTVC023P-like Pelagiphage systems are also some-
times colocated with an additional 5’-deoxynucleotidase and a beta-glucosyl-HMC-
alpha-glucosyl-transferase, which potentially broadens the functionality of the system
beyond the scope previously reported for the Pseudomonas phages (30). Together, true
functional characterization of at least some of these partner-AMGs in cultivated phages
suggests a mechanism for considerably expanded resistance capabilities against host
defenses involving digestion by restriction enzymes that is augmented in Clade V, VIII,
and IX HTVC023P-type Pelagiphages.

Open ocean environments, such as those where Pelagibacter thrive, are known for
oftentimes having a limited availability of nutrients, which has resulted in the genome
streamlining of pelagic bacterial genomes (1) and presumably imposes restraints on the cost
of a viral burden to a host (14). The fact that the partner-AMGs likely function as a collective
raises questions about their acquisition and retention, including whether they might be
derived from the same source, and about their importance to host ecology.

In the case of the TS and aG/PT-PPse1, these proteins appear possibly to be the products
of vertical evolution after their original acquisition (Fig. S4 and S5). However, interpretation
of the TS and aG/PT-PPse1 origins and transfers are not straightforward, given the paucity of
nearby phages with hosts that inhabit the same environment and the paraphyletic nature of
the viral region of the tree. Moreover, for both genes, the entire viral group is too divergent
from cellular homologs to postulate on the bacterial lineage of origin, making it unclear
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whether they were acquired from the same organism. It might at first appear that the part-
ner-AMGs involved in DNA hypermodification were present in multiple viral groups (post-ac-
quisition), lost from HTVC023P-type Clades |, I, Ill, VII, and X, and retained by all HTVC023P-
type Clade V, VIl and IX members. Alternatively, the partner-AMGs might have been
acquired by a marine Myoviridae that is not present in current sequence databases or by
one that infects SAR11 but has since lost the partner after a transfer to the last common
ancestor of the Clade V, VIIl and IX Podoviridae analyzed herein, with a global redistribution
after the divergence of these clades.

Beyond the general pattern of AMGs putatively involved in nucleotide biosynthesis and
modifications being common, our results revealed a high prevalence of complete T8SS in
HTVC023P-type Pelagiphages. The T8SS involved the greatest number of colocated genes and
retained a highly conserved operon-like structure in Pelagiphage from both the Podoviridae
and Myoviridae phage families (Fig. 3A and B; Fig. 4; Fig. S3). Further, they appeared to encode
all of the required components for a functional T8SS (Fig. 3C), although they were rewired rela-
tive to those in model Gammaproteobacteria, where T8SS have been best characterized (37,
38). Specifically, we identified genes encoding T8SS proteins CsgG and CsgF, which encode
the Curli outer membrane (OM) pore and an associated extracellular chaperone, respectively,
in bacteria (37). These two genes were both annotated in the first cultured Pelagimyoviridae
genome (20) and were later identified in uncultivated Myoviridae Pelagiphages (7); the later
study also inferred the possible presence of other T8SS genes, based on a gene co-occurrence
network analysis. We explicitly identified the other essential T8SS proteins in the Myoviridae
and Podoviridae, specifically the Curli fiber proteins (CsgA/B).

The T8SS module identified herein, in both the Pelagibacter-infecting Myoviridae and
Podoviridae, highlight two striking aspects of the Pelagiphage T8SS that universally deviate
from those in bacteria. The novel aspects of the Pelagiphage T8SS are especially notable,
given that their host, Pelagibacter, does not encode any components. Thus, an altogether
new function is imparted on the host upon infection. First, the Pelagiphage Curli regions
lack the periplasmic secretion channel gate CsgE (37) (Fig. 3C). This suggests that the OM
pore is either gated by a promiscuous host-encoded gate or remains bi-directionally open
and allows the inward and/or outward flux of small macromolecules (38). Second, phage
components AC, HK, and FecR are not part of canonical bacterial Curli operons. In model
Gammaproteobacteria, AC production of cAMP leads to the transcription of the T8SS tran-
scriptional regulator, CsgD, and interacts with a cognate sensor HK, resulting in enhanced
biofilm development (21). Outside Gammaproteobacteria, the T8SS transcriptional regulator
is unknown, as CsgD is typically lacking in most bacterial lineages (31) (Fig. 3A), as it is from
the Pelagiphages studied herein. FecR is a regulator known for its role in inducing citrate-de-
pendent Fe3" transport in bacteria, which is notable here, given the importance of iron limi-
tation in structuring surface ocean microbial communities. In model Gammaproteobacteria,
CsgD also appears to interact with FecR (39). Hence, our results from across the envCVGs
suggest an alternative route to T8SS regulation and function, relative to those well-studied
in bacteria, that may additionally point to possible FecR T8SS regulatory roles in multiple
bacterial lineages.

Although the precise origins of the viral T8SS module remain mysterious, and even
more so for the other partner-AMG-types, for the four proteins where the phylogeny could
be reconstructed, the Pelagiphage T8SS module components exhibited similar topologies.
Specifically, they form a monophyletic clade for viral sequences from both families, sug-
gesting transmission between them, and a likely origination from a more ancient transfer
from an Alphaproteobacterium. These results seem to contrast with observations made for
the Cyanophages, for which it has been shown that when multiple AMGs are involved in
the same biochemical pathway (for example, cyanophage pentose phosphate pathway
genes, transaldolase C, regulatory protein CP12, Zwf, and Gnd), they do not necessarily
appear to have similar evolutionary histories (9, 19). Specifically, transaldolase C appears to
have been passed among Myoviridae and Podoviridae infecting Cyanobacteria, with its cel-
lular origin remaining unclear, while CP12 has, so far, only been observed in Myoviridae
Cyanophages and was acquired from the host Prochlorococcus. Zwf was restricted to T4
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Myoviruses infecting Cyanobacteria and was acquired from its host, while the origin of
phage Gnd could not be reconstructed. This suggests that, in several cases, AMGs that ulti-
mately function together have been acquired as single entities (19), similar to what has
been reported for viruses of marine predatory protists (40, 41).

One potential explanation for the cross-family module transfer exhibited by Pelagiphage
T8SS, and more tentatively, the TS and aG/PT-PPse1, is that it occurred during coinfection of
the same host. Coinfection would result in a higher local concentration of phages than
would occur in seawater (42, 43). Although recombination rates decline with increased evo-
lutionary distance (50), observations herein support its occurrence as an important vector
for the evolution of marine phages with overlapping host ranges. Its retention, given the
burden it imposes, presumably provides some advantages to the host during infection (42).
These advantages can be hypothesized based on their roles in other systems and on a con-
sideration of Pelagibacter life history. First, the production of Curli by bacterial pathogens of
animals (31, 38) can cause cell aggregation, thereby contributing to extracellular biofilms
that limit phage penetration (44). In this context, Curli fiber production by infected
Pelagibacter could protect cells from infection by competing viruses, thereby providing a
defense against superinfection. Second, phage encounters with subsequent host cells might
be augmented through host aggregation, a concept (called “sibling capture”) put forth pre-
viously when Curli components were observed in Pelagiphage Myoviridae (7). Alternatively,
the T8SS channel could serve to import cofactors, such as cobalamin, thiamine-related com-
pounds, or iron-containing siderophores (in line with the presence of FecR) that support
aspects of Pelagibacter metabolism needed by the phage to support its replication. Finally,
cell aggregation using virally encoded Curli fibers provides a plausible mechanism that
could explain the high rates of parasexual intragenic recombination observed in
Pelagibacter (26, 45, 46). Thus far, no mechanism has been proposed to explain how
these planktonic organisms achieve one of the highest rates of recombination observed
in bacteria (47). In the Curli sibling capture model we propose, a high Pelagibacter cell
abundance, augmented by Curli-induced aggregation, would exponentially increase ho-
mologous recombination, which has been theorized to contribute to the success of
Pelagibacter populations (47).

The apparent transfer of a multi-AMG region between distant lineages of viruses is
reminiscent of classical theory on bacteriophage evolution, which proposed that phages are
favorable combinations of gene modules, one for each function (e.g., a module for structural
components), challenging the conventional definition of a “species” (48). However, genomic
studies of isolated viruses have found that although genetic mosaicism exists, sometimes
even between viral families, it is rare within the Caudovirales (49). In fact, in the Caudovirales, it
is mainly observed in six highly mosaic phage genera (infecting Escherichia coli, Salmonella,
Bordetella, Staphylococcus, and Mycobacterium) and rarely corrupts the vertical evolutionary sig-
nal (49). Nevertheless, the analysis of available phages as of 2016 (50) revealed varying levels
of shared gene content between lytic phages (which had relatively low gene flow) and ly-
sogenic phages (which had relatively high gene flow). Given that Pelagiphages have been
shown to integrate (51), they may be expected to be among the phages more affiliated
with high gene content flow. However, recombination events tend to occur between
closely related phages with high nucleotide sequence similarity (interspecific recombina-
tion) (19, 52), but these phages are much more closely related than those transferring ma-
terial herein. The degree that these patterns apply to Pelagiphages, or even to phages in
general, is still unclear. Further, to our knowledge, no gene module transfer akin to our
findings has been observed for viral AMGs. Regardless, our results demonstrate that, beyond
structural components, multi-AMG exchanges can manifest as entire-module transfers between
abundant marine phages.

Conclusion. Our studies reveal coherent, evolutionary distinct clades of HTVC023P-
type Pelagiphages, which have, as a whole, been considered among the most abundant in
the ocean (6, 22). The complete genomes presented contain multiple AMGs that are not pres-
ent in cultivated HTVC023P-type Pelagiphages. The uncultivated Pelagiphages further high-
light more complex gene acquisitions and retention that bring novel adaptations of
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consequence to host biology during infection, most notably partner-AMGs involved
in DNA modifications and T8SS. These appear to be inherited among viral lineages
that are independent of the known host lineage (as it exists in the modern day), with
apparent transfer between viral families. Such multigene transfers between viral line-
ages have not previously been observed for AMGs. Additionally, they appear to be
distinct from multiple independent acquisitions from hosts seen in other marine
viruses (19) and different from the proposition and mechanisms behind the transfer
of core-phage-gene modules (48). In the case of the T8SS, it brings a novel function
to the host, Pelagibacter, presumably altering the host physiology during infection
with the expression of Curli fibers and resulting conduit between the cell and the
exterior environment. Moreover, all of the partner-AMG analyses and phylogenies
placed multiple environmental sequences within the vicinity of those from the
envCVGs presented herein, indicating that a breadth of HTCV023P-type diversity
remains to be recovered. Our expanded view of the genomes of these viruses, includ-
ing the identification and the recovery of clades with no prior genomic representa-
tion, provides insights into how HTVC023P-type Pelagiphages manipulate host me-
tabolism and evolutionary power extending beyond being simple agents of mortality.

MATERIALS AND METHODS

Samples were collected in Monterey Bay (11th April 2019, 36°44.695 N; 122°1.284 W) from a depth of
15 m. Cells were sorted using an Influx FACS, then frozen at —80°C. Afterwards, sorts were subjected to
MDA, sequenced using paired-end Illumina HiSeq, and assembled using the methods described in (32).
Viral contigs in assemblies were identified using VirSorter (53), and the circularity of viral contigs, indicat-
ing genome completeness, was tested using the minimus2 (54) pipeline (v1.5.5) with no contig merging
and a 100 bp overlap required. Circularized genomes were retained. Then, ORFs were predicted using
Prodigal (v2.6.3) (55) and, alongside those of two cultured HTVC023P-type Pelagiphages, used to itera-
tively query SAG data (24, 56, 57) and GOV2.0 (23) using hmmscan (v3.1b2; "-E 1e-04’) (58) with the HMM
model for DNA polymerase A (PolA; PF00476). Identified contigs that were larger than 10 kb were proc-
essed further, and ORFs were predicted as above. Taxonomic predictions for bacterial contigs in the pub-
lished SAG (24), where we recovered an HTVC023P-type Pelagiphage (herein named 023Pt_pos29), was
made using CAT (v5.11) (45) with diamond (v0.9.34) after making ORF predictions as above. 023Pt_aos01
was finished manually by identifying repetitive gene fragments at contig ends. The circularity of GOV2.0 was
tested as described above. Note that a recent publication reported a SAG (VSAG 37-F6; 13 kb) belonging to
HTVCO023P-type Pelagiphages (26). We did not include this SAG in our analyses (phylogenetic and
orthogroup/partner) because its incompleteness meant that it did not have most of the relevant genes. A
comparison of the capsid protein, which was present in the partial assembly of vSAG37-F6, showed an 83%
aa similarity with that of HTVC027P, and vSAG37-F6 was previously identified as a HTVC023P-type phage (6).
Those genomes having =45% PolA aa similarity to the cultured Pelagiphages were then analyzed further.
Specifically, orthologous proteins (either within viral genomes or between viral genomes) were identified
using OrthoFinder (v2.2.6) with the default settings (59). For the identification of AMGs, ORFs were annotated
with BLASTP against nr (E value = 107 '°) and hmmscan against Pfam (same E value cutoff). All ORFs having
functional/taxonomic information (BLASTP) or a functional annotation (Pfam) were then checked manually
for homology to proteins in Bacteria, Archaea, or Eukaryotes. This manual curation enabled the screening for
those mistakenly identified as AMGs due to viral contamination in database environmental sequences/
MAGs. Annotations based on TARA Ocean MAGs (60) were excluded due to the widespread contamination
of genomes with viral sequences. In addition, pairwise average amino acid identity was calculated using the
aai.rb ruby script from the enveomics code collection (61).

We performed phylogenetic and phylogenomic analyses of virally encoded proteins. First, we con-
structed a PolA phylogenetic tree that consisted of diverse representative sequences of the PolA family as previ-
ously described (6), along with those from the novel genomes identified herein. Sequences were aligned with
MAFFT (v7.455) G-INS-i using the VSM option (-unalignlevel 0.6) to control over-alignment (62). Ambiguously
aligned positions were trimmed using trimAl (63). Synechococcus_phage_S-RIP1 (ANW82925.1) and
Roseobacter_phage_CRP-5 (QBQ72679.1) were removed due to incomplete PolA protein sequences.
The best fitting substitution models, here and below, were predicted using ModelFinder in IQ-TREE
(v0.1.6) (64, 65). A maximum-likelihood (ML) tree was then inferred with 1,000 ultrafast bootstrap repli-
cates (here and below). Phylogenetic trees were visualized in R using the ggtree package (66, 67).
Biogeographic provinces were assigned based on the provinces defined in (25). All figures, including
heatmaps, were visualized using ggplot2 (68). Maps were visualized in R using the simple features (sf)
package (69) extensions to ggplot2 with vectorized maps from the rnaturalearth data package (70).

The multigene phylogenetic reconstruction of Pelagiphages HTVC023P and HTVC027P and
related environmental phage genomes was based on PolA, DEAD/DEAH box helicase, primase, cap-
sid, and one hypothetical protein (e.g.,, HTVC023P-type cultured representative HTVC027P: QGZ17791.1,
QGZ17868.1, QGZ17785.1, QGZ17856.1, QGZ17840.1). Sequences were manually inspected, and paralogs
were removed. The refined sequences were aligned as above and trimmed. Individual protein alignments
were then concatenated, resulting in a 2,480 aa alignment. The LG+1+G4+F model was used alongside
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an empirical mixture model with 20 profiles to test a better statistical fit (LG+C20+1+G+F) while
maintaining the same matrix (LG), amino acid frequency computation, and gamma categories as in
the optimized model. The tree was rooted with Pseudomonas phage PaMx11 and Alphaproteobacteria
phage phiiJLOOT as an outgroup during visualization.

We used the more conserved viral T8SS region proteins, which were amenable to robust phyloge-
netic analysis, that we had predicted from the phage genomes (i.e., CsgG, CsgF, FecR, and AC) to query
2,873 NCBI bacterial reference genomes and JGI/IMG data, specifically, 4,931 marine bacterial and arch-
aeal genomes (categorized as Ocean, Coastal, Pelagic, or Neritic), 128 bacterial genomes identified as
“endosymbionts” or “intracellular”, and 12,714 marine SAGs (19). Using recovered BLASTP hits (E value <
10719, we constructed a preliminary alignment, computed with MAFFT (‘-auto’). By manual inspection,
partial sequences covering 50% or less of the alignment were removed, and split genes were merged.
CsgG paralogs missing the highly conserved CsgG motifs (a second copy of CsgG, mainly in
Gammaproteobacteria) and FecR paralogs (mainly in Alphaproteobacteria) were removed. The fil-
tered alignment was realigned using MAFFT (-linsi’), and the alignment was trimmed. The respective ML trees
were computed under the LG+F+R7 (CsgG), LG+F+R8 (AC), LG+R7 (FecR), and LG+F+R5 (CsgF) models
with 1,000 ultrafast bootstrap replicates. The bacterial taxonomy was based on NCBI taxonomy IDs. Both the
HK and the CsgA/B sequences were too divergent from cellular homologs to derive phylogenetic reconstruc-
tions. Similarly, for the reconstruction of the TS and aG/PT-PPlase1 protein sequences, we queried the Global
Earth Microbiome database (71) and NCBI nr with the same BLASTP cutoffs as used above. Alignments were
constructed using MAFFT (‘-auto’) and trimmed as described above, with both ML trees being computed
under the LG+R10 model with 1,000 ultrafast bootstrap replicates in IQ-TREE (65).

Metatranscriptomes from the North Pacific (32) were queried using all proteins from a total of 29 vi-
ral Curli-encoding Pelagiphage genomes and TBLASTN queries (100% nucleotide identity threshold)
(Data Set S1B). GOV2.0 was queried separately for CsgG, CsgF, CsgA/B, and FecR with BLASTP (E value <
10719), using the viral homologs from both the Podoviridae and Myoviridae complete genome sequen-
ces. For each, the number of hits per station was normalized by the total number of viral ORFs, and each
was assigned to the Myoviridae or Podoviridae family based on the viral family of the best BLAST hit to
the query sequences. Hits for which the identity was lower than the lowest identity observed within
each protein and family combination of query sequences with known taxonomic affiliation (i.e., from
envCVGs and cultured Pelagiphages) were excluded in order to retain only sequences from Myoviridae
and Podoviridae Pelagiphages. The same GOV2.0 protein query hits were used to identify and pull con-
tigs carrying T8SS components from GOV2.0. Contigs were excluded from further analysis when a T8SS
component was at a terminal position to avoid the consideration of incomplete regions.

Data availability. Alignments and trees are available via FigShare (https://figshare.com/projects/
Worden_Lab_-_curli_operon_transfer/94439). Reads for 23Pt_envCVGpos01 FACS-derived Pelagiphage
(PRJNA699323) as well as the genome and annotations (MW574966) are available in GenBank. Gene pre-
dictions and annotations for other circularized phage genomes (https://figshare.com/projects/Worden
_Lab_-_curli_operon_transfer/94439).Metatranscriptomes are deposited under PRINA464924 to
PRIJNA464930 (26).
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