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Abstract

	We propose here a new family of the order Caudovirales, called Zobellviridae. As members of Zobellviridae we propose one new subfamily, called Cobavirinae, several new genera and several species, most of which are new. We propose that the Cobavirinae subfamily comprises the genera Siovirus and Veravirus. The genus Siovirus comprises the species Lentibacter virus ICBM1, Celeribacter virus P12053L and Roseobacter virus SIO1. The genus Veravirus has only one species, Lentibacter virus ICBM2. The other genera we propose to belong to Zobellviridae, but do not assign to any subfamily are: i) Melvirus, with two species, Pseudoalteromonas virus HP1 and Pseudoalteromonas virus RIO1, ii) Paundecimvirus, with the species Pseudomonas virus PA11, iii) Citrovirus, with the species Citrobacter virus CVT22, iv) Salinovirus, with the species Salinivibrio virus CW02, v) Vipivirus, with the species Vibrio virus VpV262, and vi) Icepovirus, with the species Vibrio virus ICP2. From the above species, all are newly proposed here, with the exception of Roseobacter virus SIO1 and Vibrio virus VpV262. All species have cultured representatives. 



Text of proposal
	
	
Phylogenetic calculations
This taxonomic proposal is based on phylogenetic calculations performed by Bischoff et al 2019 and additional calculations of the intergenomic similarities at nucleotide level. Shortly, the isolation of two new phages, Lentibacter virus vB_LenP_ICBM1 (ICBM1) and Lentibacter virus vB_LenP_ICBM2 (ICBM2), and the enrichment of a third, Lentibacter virus vB_LenP_ICBM3 (ICBM3), all infecting Lentibacter sp. SH36, has led to the recruitment of related phages from publicly available databases. Then, two type of phylogenetic trees were constructed: i) a whole genome phylogenetic tree, based on protein sequences (see Figure 1) and ii) a single protein tree, based on the terminase protein (see Figure 2). 
For genome-based phylogenetic analysis, Bischoff et al (2019) have built a dataset containing all ICTV-recognized genomes of podoviruses, ICBM1 and ICBM2 phages and their relatives retrieved by similarity searches in publicly available sequence databases. Pairwise phage comparisons of the amino acid sequences were performed with the Virus Classification and Tree Building Online Resource (VICTOR) (Meier-Kolthoff and Göker 2017) using the Genome-BLAST Distance Phylogeny (GBDP) (Meier-Kolthoff et al. 2013) method with settings recommended for prokaryotic viruses (Meier-Kolthoff and Göker 2017). Intergenomic distances were calculated with 100 replicates each. A balanced minimum evolution tree with branch support was constructed using FASTME including SPR postprocessing (Lefort et al. 2015) for the d6 formula. The trees were rooted at the midpoint (Farris 1972) and visualized with iTOL (Letunic and Bork 2016). 
Taxon boundaries at the species, genus, subfamily and family level were estimated with the OPTSIL program (Göker et al. 2009) using the recommended clustering thresholds (Meier-Kolthoff et al. 2017) and an F value (fraction of links required for cluster fusion) of 0.5 (Meier-Kolthoff et al. 2014). The distance thresholds used by VICTOR (Meier-Kolthoff and Göker, 2017) for species, genus and subfamily demarcation can be found in Table 1 of this proposal. These thresholds have been shown to yield the highest agreement with the ICTV 2014 classification regarding the investigated taxonomic ranks (Meier-Kolthoff and Göker, 2017). The respective thresholds for the analysis of amino acid datasets at the species, genus and subfamily level are 0.118980, 0.749680 and 0.888940, respectively. These distance thresholds were applied to matrices of accurate intergenomic distances calculated using the Genome BLAST Distance Phylogeny (GBDP) approach (Meier-Kolthoff et al. 2013) under settings optimized for the comparison of phage genomes (Meier-Kolthoff and Göker, 2017). 
In addition, for this proposal we used VIRIDIC (viridic.icbm.de, Moraru et al. 2020) to calculate nucleotide based intergenomic similarities (Figure 3). VIRIDIC first calculated all possible pairwise alignments based on BLASTN. For one genome pair, the number of identical nucleotide matches reported by BLASTN were summed up for all aligned genomic regions. In the case of overlapping alignments, the overlapping part were removed from one of the aligned regions, such that, at the end, the different genome regions were represented only once in the alignments. The intergenomic similarity were then calculated based on a formula previously proposed by (Meier-Kolthoff and Göker 2017).
,
where






Zobellviridae family
In the whole genome tree (Figure 1) prepared in Bischoff et al (2019), ICBM1, ICBM2 and ICBM3 phages were placed in a maximally supported clade together with the RIO-1 phage and several other phages, in agreement with previous finding (Hardies et al. 2016). This clade is referred here as the RIO clade. Phages in the Autographiviridae family (formerly Autographivirinae family) were placed in a closely related clade, of similar ranking to RIO clade. A third clade, of similar rank was formed by the two Phormidum phages (see Figure 1). VICTOR based taxon boundaries (see Table 1 for criteria used for taxonomic delineation) suggested that each of the three clades form subfamilies on their own (see Figure 1). Therefore, Bischoff et al (2019) suggested to give the RIO clade the rank of subfamily and to name it Riovirinae, a subfamily of the family Podoviridae. However, meanwhile the Caudovirales taxonomy is being reshaped, the family Podoviridae will be dissolved in time and the Autographivirinae subfamily has been upgraded to a family. Taking these changes in consideration, we propose here to declare the RIO clade as a new family within the order Caudovirales, and to name it Zobellviridae (from Claude Zobell, the first to isolate marine phages). 
In the Zobellviridae, we propose i) one new subfamily, the Cobavirinae, made of two new genera, Siovirus and Veravirus, and ii) six new genera, Icepovirus, Vipivirus, Salinovirus, Citrovirus, Paundecimvirus and Melvirus, not affiliated yet to any subfamily. The intergenomic similarities used to delimitate the above genera are found in Figure 3.
The phylogenetic tree based on the Terminase protein (found in all phages from Zobellviridae) confirms the phylogenetic assignments based on the whole genome tree (see Figure 2). 

Cobavirinae subfamily
In the whole genome tree, ICBM1, ICBM2 and ICBM3 formed a highly supported clade together with Roseobacter virus SIO1 and its relatives, Celeribacter phage P12053L and several environmental phage genomes. This clade is referred here as the old SIO clade (see Figure 1). VICTOR based taxonomic thresholds suggested this clade represents a genus. Therefore, Bischoff et al (2019) suggested to call this clade the Siovirus genus. Within the old SIO clade, all phages with the exception of two environmental genomes (Env_3300001749_JGI24025J20009_10000213 and Env_TARA_ERS488813_N000141) had a cobalamin dependent ribonucleotide reductase and formed a highly supported clade. Bischoff et al (2019) suggested to call this clade the “Cobavirus Group”, part of the Siovirus genus. In the light of current changes in ICTV classification rules, we propose to classify the “Cobavirus group” as a subfamily, named Cobavirinae (from the presence of cobalamin dependent ribonucleotide reductase in the phage genomes). Because their genomes are incomplete, the two environmental genomes which were part of the SIO clade, but not of the Cobavirus group, are not considered here. The Siovirus genus (the old SIO clade), as defined by Bischoff et al (2019) is further disregarded.
Based on the 70% nucleotide similarity threshold currently recommended by ICTV for the determination of phage genus borders, we propose three genera within the Cobavirinae subfamily (see Figure 3 for intergenomic similarity values): i) Siovirus (not to be mistaken with the old Siovirus genus defined by Bischoff et al 2019, which corresponds to the whole SIO clade), with the species Lentibacter virus ICBM1, Celeribacter phage P12053L and Roseobacter virus SIO1, and ii) Veravirus, with the species Lentibacter virus ICBM2. With the exception of Lentibacter virus ICBM1, all other species are represented by single strains. Lentibacter virus ICBM1 contains two strains, ICBM1 and ICBM3, having an intergenomic similarity at nucleotide level of 98.67% (see Figure 3). ICBM2 is the sole representative of the Lentibacter virus ICBM2 species.
An additional phylogenetic analysis, based on the terminase protein, supports the conclusions from the whole genome phylogeny (see Figure 2).


Genus Siovirus
Genus Siovirus consists of three species: Lentibacter virus ICBM1, Celeribacter phage P12053L and Roseobacter virus SIO1. The genus name derives from Roseobacter phage SIO1, the first phage described from this genus and the first sequence marine bacteriophage. As type species we propose Lentibacter virus ICBM1, because its representatives are actively maintained in the laboratory of Cristina Moraru and hopefully will be deposited at the DMSZ culture collection.

Lentibacter virus ICBM1 species
Two phages belong to the Lentibacter virus ICBM1 species: Lentibacter virus vB_LenP_ICBM1 (ICBM1) and Lentibacter virus vB_LenP_ICBM3 (ICBM3). They were enriched from southern North Sea water, collected during an algal bloom (Bischoff et al. 2019). ICBM1 was further purified to a single isolate. ICBM3 is known only as a phage genome from the enrichment. Transmission electron microscopy revealed that ICBM1 phage had an isometric capsid with hexagonal cross-sections of 58.7 ± 3.7 and a short tail (sample size = 100 phages each; negative staining with uranyl acetate) (Figure 4). The host range of ICBM1 was determined on 94 Rhodobacteraceae strains. ICBM1 infected only Lentibacter sp. SH36, the original isolation host. ICBM1 has a genome size of 40.163 kb and a G+C content of 47.0 % (GenBank Accession MF431617). ICBM3 was obtained by sequencing of the phage enrichment. ICBM3 has a genome size of 40.498 kb and a G+C content of 47.30 % (GenBank accession MF431615). Both phages have direct terminal repeats (DTRs) as genome termini.

Roseobacter virus SIO1 species
Roseobacter virus SIO1 is currently described in ICTV as an unclassified Podoviridae species. Here we proposed to move it into the new subfamily Cobavirinae, Siovirus genus. Bischoff et al (2019) have determined the genome ends as DTRs, and reordered the genome accordingly. Other SIO1 related phages (SIO_2001, OS, MB, SBRSIO67) have incomplete genomes and therefore are not included in this proposal. 

Celeribacter phage P12053L species
The phage belonging to Celeribacter phage P12053L species was previously described (Kang et al. 2012). It has a dsDNA genome (GenBank accession JQ809650) of 35.889 kb length, with a G+C content of 46.1 (Kang et al. 2012) and DTRs as genome termini (Bischoff et al. 2019). It was isolated from the Yellow Sea in South Korea with the original host Celeribacter marinus IMCC12053 (Kang et al. 2012; Yang et al. 2016).

Veravirus genus
Veravirus genus consists of one species, which is also the type species, namely Lentibacter virus ICBM2. The name of the genus comes from the researcher who isolated the Lentibacter virus vB_LenP_ICBM2 (ICBM2).

Lentibacter virus ICBM2 species
One phage belongs to the Lentibacter virus ICBM2 species: Lentibacter virus vB_LenP_ICBM2. It was isolated from southern North Sea water collected during an algal bloom (Bischoff et al. 2019). Transmission electron microscopy revealed that ICBM2 phage had an isometric capsid with hexagonal cross-sections of 59.2 ± 2.8 and a short tail (sample size = 100 phages each; negative staining with uranyl acetate) (Figure 4). The host range of ICBM2 was determined on 94 Rhodobacteraceae strains. ICBM2 infected only Lentibacter sp. SH36, the original isolation host. ICBM2 has a genome size of 40.907 kb and a G+C content of 47.8 % (GenBank Accession MF431616). As genome termini, ICBM2 has DTRs.

Genomic organization of cobaviruses
The phages of the proposed subfamily Cobavirinae have a conserved genomic organization. All have DTRs as genomic ends (Bischoff et al 2019). This suggests that cobaviruses might use a packaging strategy similar to the T7 phage. The genes are organized in two genomic arms with opposite transcriptional directions, separated by a bidirectional, rho-independent transcriptional regulator. On the left genomic arm, genes for replication and nucleotide metabolism are encoded, while the right arm encodes genes for lysis and virion structure and morphology (Bischoff et al. 2019).

Other genera in the Zobellviridae family

Melvirus genus
Melvirus genus consists of two species, Pseudoalteromonas virus HP1 and Pseudoalteromonas virus RIO1 (see Figure 3 for the intergenomic similarities used to delimitate this genus). As type species we propose the Pseudoalteromonas virus HP1, because it is actively maintained in the laboratory of Melissa Duhaime. The genus name comes from the researcher who has characterized it.

Pseudoalteromonas virus HP1 species
The Pseudoalteromonas virus HP1 species has one phage – Pseudoalteromonas phage HP1. This phage, infecting two closely related strains of Pseudoalteromonas sp. (strain H-100 and strain 13-15) was isolated from seawater samples from the North Sea, near Helgoland, Germany (Duhaime et al. 2017). It has a genome of 45.035 kb in size and a G+C content of 44.67 (GenBank accession KF302037.1). It has a podoviral morphology with an icosahedral capsid and a short tail (Figure 5) (Duhaime et al. 2017). Its host range is narrow among strains tested, infecting two out of seven strains of Pseudoalteromonas sp.

Pseudoalteromonas virus RIO1 species
The Pseudoalteromonas virus RIO1 species has one phage – Pseudoalteromonas phage RIO-1. This phage was isolated from seawater samples from the East Sea, South Korea, together with its host Pseudoalteromonas marina CL-E25 (Hardies et al. 2013). The phage infects only its original host (Hardies et al. 2013). It has an icosahedral head of 51 nm and a short tail. Its genome is 43.882 kb large, with 39.6 % G+C content and direct terminal repeats (Hardies et al. 2013) (GenBank accession KC751414).


Paundecimvirus genus
Paundecimvirus genus has only one species, which is also the type species, namely Pseudomonas virus PA11. The genus name comes from the phage name.

Pseudomonas virus PA11 species
Pseudomonas virus PA11 species comprises the PA11 phage. This phage infects Pseudomonas aeruginosa and has a genome size of 49.639 kb, with 44.8 % G+C content (GenBank accession DQ163915) (Kwan et al. 2006).


Citrovirus genus
Citrovirus genus has one species, which is also the type species, namely Citrobacter virus CVT22. The genus name comes from the phage host name.

Citrobacter virus CVT22 species
Citrobacter virus CVT22 species comprises the Citrobacter phage CVT22. This phage infects Citrobacter sp. strain TM1552. Together with its host it was isolated from the gut of the Formosan subterranean termite Coptotermes formosanus (Tikhe et al. 2015). It has a podoviral morphology and a circular permuted genome of 47.636 kb size and 41.6 % G+C content (GenBank accession KP774835) (Tikhe et al. 2015).


Salinovirus genus
Salinovirus genus has a single species, which is also the type species, namely Salinivibrio virus CW02. The genus name comes from the phage host name.

Salinivibrio virus CW02 species
Salinivibrio virus CW02 species consists of the Salinivibrio phage CW02. This phage infects the Salinivibrio costicola-like bacterium SA50 (99% 16S rRNA sequence identity with S. costicola subsp. costicola strain ATCC 33508) and it was, like its host, isolated from the Great Salt Lake, USA (Shen et al. 2012). CW02 has an icosahedral capsid of ~60 nm in diameter and a short tail. The genome of phage CW02 is 40.547 kb in size with 47.67 % G+C content and has no terminal repeats (GenBank accession JQ446452) (Shen et al. 2012). 


Vipivirus genus
Vipivirus genus has only one species, which is also the type species, namely Vibrio virus VpV262. The genus name comes from the phage name.

Vibrio virus VpV262 species
The Vibrio virus VpV262 species includes the phage Vibrio_phage_VpV262, and it is currently described in ICTV as unclassified Podoviridae. We propose here to move this species to the Zobellviridae family, Vipivirus genus. 


Icepovirus genus
Icepovirus genus has one species, which is also the type species, namely Vibrio virus ICP2. The genus name comes from the phage name.

Vibrio virus ICP2 species
Vibrio virus ICP2 species consists of Vibrio phage ICP2. This phage infects different Vibrio cholerae strains. It was isolated from stool-samples of cholera patients in Bangladesh, with the original host V. cholerae O1 El Tor. It can also infect V. cholera O139 strain M010. It has a genome of 49.675 kb and 42.7 % G+C content (GenBank accession HQ641345) (Seed et al. 2011). ICP2 has an icosahedral capsid of 60 nm in diameter and a short tail (13 nm long, 8 nm wide) (Seed et al. 2011).






Supporting evidence
· Table 1: Parameters used by GBDP.
· Figure 1: Whole genome phylogenetic tree depicting the new Zobelviridae Family 
· Figure 2: Phylogenetic positioning of the terminase proteins belonging to the phages in the Zobellviridae family.
· Figure 3: Nucleotide based intergenomic similarities between the members of the new Zobellviridae family. 
· Figure 4: Transmission electron micrograph of Lentibacter virus vB_LenP_ICBM1 (A) and Lentibacter virus vB_LenP_ICBM2 (B), stained with ammonium molybdate or uranyl acetate
· Figure 5: Transmission electron micrograph of Pseudoalteromonas phage HP1


Table 1: Parameters used by VICTOR to calculate a whole genome tree based on aminoacid sequences and to demarcate taxa.

	Parameter
	Value

	Word length
	3

	E-value filter
	0.1

	Algorithm
	Greedy-with-trimming

	Formula
	d6

	Distance threshold, species
	0.118980

	Distance threshold, genus
	0.749680

	Distance threshold, subfamily
	0.888940
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Figure 1: Whole genome phylogenetic tree depicting the new Zobelviridae Family. The whole-genome-based phylogeny was inferred using the Genome-BLAST Distance Phylogeny method implemented in the VICTOR web service, using the amino acid data. Internal branch labels represent pseudo bootstrap support values if larger than 50%. The proposed family Zobellviridae and the proposed subfamily Cobavirinae are annotated with collored rectangles. Further information regarding the current affiliation of phages to ICTV taxa and OPTSIL clusters, as well as G+C content and genome sizes is described within the figure legend (circled numbers). "Viruses annotated as "Unassigned" in legend "Genus (ICTV)" have been assigned to both an ICTV species and family but not to a genus level, whereas "NA" refers to viruses which have not been recognized as a taxa by the ICTV." The affiliation of one or more viruses to a distinct species, genus, subfamily or family cluster is indicated by a specific symbol of same shape and color. 
Adapted from Bischoff et al. (2019)
Used under CC BY (http://creativecommons.org/licenses/by/4.0/)
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Figure 2: Phylogenetic positioning of the terminase proteins belonging to the phages in the Zobellviridae family. The terminase protein phylogeny was inferred using the approximately-maximum-likelihood method implemented in FastTree 2.1.5 in Geneious. The node labels represent Fast Tree support values. The tree is drawn to scale, with branch lengths measured in number of substitutions per site. The tree is unrooted. The affiliation of viruses to the proposed Cobavirinae subfamily or the proposed Zobellviridae family is indicated in green and orange colour, respectively.
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Figure 3: Nucleotide based, intergenomic similarities between the members of the here newly proposed Zobellviridae family. The intergenomic similarities were calculated using the VIRIDIC webservice (viridic.icbm.de), using the formula
,
where
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Figure 4: Transmission electron micrograph of molybdenum stained, cell debris bound Lentibacter virus vB_LenP_ICBM1 and uranyl acetate stained, free Lentibacter virus vB_LenP_ICBM2. Scale bar: 50 nm.
From Bischoff et al. (2019)
Used under CC BY (http://creativecommons.org/licenses/by/4.0/)
No changes made
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Figure 5: Transmission electron micrograph of Pseudoalteromonas phage HP1 (N. Solonenko). Scale bar: 100 nm. 
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