Integration of genomic and proteomic analyses in
the classification of the Siphoviridae family

Evelien M. Adriaenssens?, Rob Edwardsb, John H.E. Nash¢, Padmanabhan Mahadevand, Donald Setoe,

Hans-Wolfgang Ackermannf, Rob Lavignes, and Andrew M. Kropinskich

a Centre for Microbial Ecology and Genomics, Genomics Research Institute, University of Pretoria,

Lynnwood Road, Pretoria 0028, South Africa

b Geology, Mathematics, and Computer Science, San Diego State University, 5500 Campanile Drive,

San Diego, CA, 92182, USA

¢ Laboratory for Foodborne Zoonoses, Public Health Agency of Canada, 110 Stone Road West,
Guelph, ON, N1G 3W4 Canada

d Department of Biology, University of Tampa, Tampa, FL, 33606, USA

e Bioinformatics and Computational Biology Program, School of Systems Biology, George Mason

University,10900 University Blvd, Manassas, VA 20110, USA

f Département de Microbiologie-infectiologie et immunologie, Faculté de médecine, Université

Laval, Québec, QC, G1K 7P4, Canada

g Department of Biosystems, Laboratory of Gene Technology, KU Leuven, Kasteelpark Arenberg 21 -
b2462,3001 Heverlee, Belgium

h Department of Molecular and Cellular Biology, University of Guelph, Guelph, ON, N1G 2A1, Canada

Corresponding authors:
Rob Lavigne: rob.lavigne@kuleuven.be

Andrew M. Kropinski: akropins@uoguelph.ca



Abstract

Using a variety of genomic (BLASTN, ClustalW) and proteomic (Phage Proteomic Tree, CoreGenes)
tools we have tackled the taxonomic status of members of the largest bacteriophage family, the
Siphoviridae. In all over 400 phages were examined and we were able to propose 39 new genera,
comprising 216 phage species, and add 62 species to two previously defined genera
(Phic3unalikevirus; L5likevirus) grouping, in total, 390 fully sequenced phage isolates. Many of the
remainder are orphans which the Bacterial and Archaeal Viruses Subcommittee of the International

Committee on Taxonomy of Viruses (ICTV) chooses not to ascribe genus status at the time being.



Introduction

The classification of bacteriophages has been the subject of discussion since their discovery in the
beginning of the 20t century (Nelson, 2004). The use of electron microscopy (Ackermann, 2011;
Luria et al,, 1943; Ruska, 1940) and the discovery of the different forms of nucleic acid (Lwoff et al,,
1962), brought together by Bradley in a classification scheme (Bradley, 1967), are still the basis of
current phage classification (Ackermann, 2006). In this classification, there is one phage order of
dsDNA phages, the Caudovirales, containing three families, Myoviridae, Podoviridae and
Siphoviridae, the latter being the subject of this paper and, several other families which have not

been assigned a higher taxon.

Making phage classification more complicated is the fact that there is no single gene present in all
phages upon which a universal scheme could be based (Rohwer and Edwards, 2002). As a result,
different research groups have proposed several classification schemes for the taxonomy of these
viruses. One such scheme is the Phage Proteomic Tree, a grouping of completely sequenced phages
based on protein distances with penalties (Rohwer and Edwards, 2002). Another one is based on
the identification of mechanisms leading to cohesion in groups of viruses, with hierarchical levels at
higher taxons and the possibility for groups to be reticulate, i.e., one virus can belong to more than
one group, called ‘modus’ (Lawrence et al., 2002). This method was used for classification based on
shared genes, resulting in a in a reticulate system in which each phage is characterized by its
membership to a set of clusters, with the clusters a possible way to build modi (Lima-Mendez et al.,
2008). Proux and colleagues suggested a taxonomy based on comparative genomics of a single
structural gene module (Proux et al, 2002). Tetranucleotide usage deviations have also been
proposed as a classification tool, but these predicted host range, rather than morphological
similarities and were as such less compatible with the International Committee on Virus Taxonomy
(ICTV) classification system (Pride et al., 2006). Lavigne and colleagues used BLASTP-related tools
for the definition of genera and subfamilies, with cut-off values of respectively 40% and 20%
shared proteins between phages. These BLASTP-related tools approaches have resulted in the
creation of several proposed subfamilies, including the Autographivirinae and Picovirinae within the
family Podoviridae (Lavigne et al., 2008), and the subfamilies Tevenvirinae, Spounavirinae and

Peduovirinae in the family Myoviridae (Lavigne et al., 2009), which have now been ratified by ICTV.

Following these efforts, this paper attempts to bring order to the chaos currently present in the
Siphoviridae family of phages. By mid-2014, the NCBI taxonomy browser included over 1200

entries in the Siphoviridae taxon, with 603 represented as complete genomes in the RefSeq



database. At the same time, only 31 siphoviruses had been classified in the 2013 ICTV taxonomy
report (www.ictvdb.org/virusTaxonomy), grouped into 10 genera, CZ2likevirus, L5likevirus,
Lambdalikevirus, N15likevirus, Phic3unalikevirus, Psimunalikevirus, Spbetalikevirus, T5likevirus,
Tunalikevirus and Yualikevirus, all named after their type species (see Table 1 for more
information). This left an enormous number of unclassified phages. The vast majority of these are
currently grouped under the ‘unclassified Siphoviridae’ header at NCBI. Unfortunately, there are
also a number of characterized siphoviruses present in the ‘unclassified Caudovirales’ grouping and

the ‘unclassified phages’ group.

In this paper, we combine DNA and protein comparisons within and between groups of phages, in
addition to physiological and morphological traits, to define new genera or add members to already
existing, ICTV-ratified, genera. We propose 39 new genera, comprising 216 phage species, and add

62 species to two previously defined genera.

Methods

The bacteriophages surveyed for this analysis were limited to isolates with fully sequenced
genomes deposited in the GenBank/EMBL/DDB] databases, excluding all prophages without a
confirmed infectious virion stage. The steps followed in the Methods section are visualized as a flow
chart in Supplementary Figure 1. In a first step, whole genome and whole proteome phylogenetic
trees were constructed to identify groups of phages without inferring any taxonomic status. For the
whole genome DNA trees, fasta-formatted files of the full length phage genomes were downloaded
from the NCBI database and were aligned as is using ClustalW 2.0 at the default settings(Larkin et
al,, 2007), creating a guide-tree. For the proteome-based tree, the Phage Proteomic Tree approach
was chosen, using a protein distance result with a penalty value of 10; for the tree-building method
we refer to the original publication (Rohwer and Edwards, 2002). These trees were used in parallel
in a qualitative manner (no distance cut-offs) to identify clusters of phages which were then
investigated for their possible taxonomic grouping (Figure 1, Supplementary Figures 2 & 3). From
each of these groups, a type phage was chosen - usually the first genome deposited in the database
- and a BLASTN was performed (Altschul et al., 2005) to check for newly deposited genomes
similar to the chosen phage. Phages belonging to the same group were also aligned with the
visualization software progressiveMauve (Darling et al., 2004, 2010) to assess for genome
colinearity. Phages with highly similar genomes (based on the previously collected data) were

rendered, if necessary, collinear, and aligned with EMBOSS Stretcher (pairwise global alignment



with the Needlemann-Wunsch algorithm (Myers and Miller, 1988)) and phages showing more than
95% DNA identity were grouped in the same phage species.

With selected phages within and between groups, a CoreGenes 3.5 analysis was performed which
compares the predicted proteomes of the phages from a GenBank file in a pairwise way
(Mahadevan et al.,, 2009a, 2009b; Zafar et al., 2002). In accordance with the cut-off values for
genera used for the families Myoviridae and Podoviridae (Lavigne et al., 2009, 2008), phages sharing
over 40% proteins were grouped into the same genus, combined with other characteristics - where
available - such as genome size and organization, morphology, and packaging and replication
mechanism, meaning phages which differed radically in these features but shared 40% proteins will

be grouped in separate genera.

Because of mosaicism within the Siphoviridae family (Born et al.,, 2011; Dorscht et al., 2009; Hatfull
et al, 2008; Summer et al., 2006), at this time we have chosen not to define any subfamilies
according to the criteria previously used in the classification of the Myoviridae and Podoviridae

families.

At present, we have named all the genera tentatively, according to their type phage name, followed
by “-like viruses”. The quotation marks indicate that these genera have not yet been ratified by

ICTV’s Executive Committee and are subject to possible change.

Results

Phages infecting Gram-positive bacteria

Mpycobacterium phages

Bacteriophages infecting the genus Mycobacterium are presently the best-represented group within
the Siphoviridae family, with over 300 sequenced phage genomes deposited in GenBank as of May
2014, including the recent deposition of 138 genomes (Hatfull, 2012a). The vast majority of these
phages were isolated as part of the Phage Hunters Program of the University of Pittsburgh and
associated universities, and have been grouped in 21 clusters and 37 subclusters in the

Mycobacteriophage Database (Hatfull and Hendrix, phagesdb.org).

The division in clusters is based on whole genome comparisons, with phages belonging to the same
cluster sharing a common genome organization with many orthologous genes and several distinct
biophysical characteristics (Hatfull, 2012b). Our analyses corroborate this division and we are

currently defining 14 new genera corresponding with the clusters B, D, E, F, G, H, I, ], K, L, M, N, O



and P (Table 1), while the existing, ICTV recognized genus Lb5likevirus will be expanded with the
phages belonging to cluster A. Of interest is the presence in this genus of Rhodococcus phages RGL3
and RER2, which share 38.8% of their proteins with the type phage L5 (Petrovski et al.,, 2013).
progressiveMauve (Darling et al, 2010) analysis of these three phages also showed DNA
relatedness over the entire length of the genomes (data not shown). The recent clusters Q to T have
not been included in this analysis. Phage Patience, the only deposited member of cluster U, was
incorporated in the genus “Barnyard-like viruses” (cluster H) because of a shared protein content

with phage Barnyard of over 40%.

Generally, Mycobacterium phage morphologies are similar, with head sizes of 50 to 60 nm and tail
lengths of 150 - 200 nm (Mycobacteriophage Database). An exception is the proposed genus
“Corndog-like viruses” (Cluster 0, Table 1), the members of which have extremely elongated heads

with length to width ratios of 4:1 or greater.

Several of the clusters with a large number of members have been further subdivided in subclusters
in the Mycobacteriophage database. Phages belonging to the same subcluster share a high
percentage of DNA identity and are in the proteomic and DNA trees clearly recognizable as separate
groups (Figure 1, Supplementary Figures 2 & 3). The taxonomic consequences of this subdivision

will be attended to in the discussion section of this paper.

“Andromeda-like viruses”

The six members of this genus (Andromeda, Eoghan, Curly, Taylor, Gemini and Finn) are Bacillus
pumilis-infecting siphoviruses with genomes of ~49.5 kb, and a G+C content of approximately 42%
(Lorenz et al., 2013). Their heads measure 41 to 60 nm in diameter and the flexible tails vary in
length from 110 to 149 nm. All have ~820 bp terminal repeats, similar gene content, and a

comparable host range.

“C5-like viruses”

The genus “C5-like viruses” comprises only two phage species, Lactobacillus phages c5 and LL-Ku,
both of which infect L. delbrueckii (Accolas and Spillmann, 1979; Riipinen et al, 2011). These
phages were previously characterized lactic acid bacteriophages with isometric heads and a cos-

type packaging mechanism, and were later found to be genetically closely related (Riipinen et al,,

2011).



“IEBH-like viruses”

Two Bacillus cereus-infecting phages are currently classified in this genus, IEBH and 250 (Lee and
Park, 2010; Smeesters et al., 2011). The type phage IEBH has an isometric head of 55 nm and a long
(150 nm) non-contractile tail displaying transverse tail discs. For phage 250 no dimensions have
been reported. Both phages share 81.7% DNA identity, but only have 54.7% shared proteins. This is

due to a lower number of ORFs annotated in phage 250.

Phic3unalikevirus

This ICTV-ratified genus, originally only contained the type virus Streptomyces phage ¢C31 (Smith
etal,, 1999), is now supplemented with two other Streptomyces-infecting phages, @BT1 (Gregory et
al, 2003) and TG1 (Foor et al., 1985). The genome organization of @BT1 is very similar to that of
@C31, but there is evidence of mosaicism between the two genomes (Gregory et al., 2003). No TEM
pictures are publically available for these phages, so no comparative morphological analysis could

be performed.

“phiFL-like viruses”

This genus represents a group of temperate siphoviruses active against Enterococcus faecalis,
possessing 36.3 to 40.3 kb genomes (mol% G+C content of 34-37) which encode 59 - 74 proteins
(Yasmin et al., 2010). Morphologically, their isometric heads measure 48 - 53 nm in diameter with
tails of 205-229 nm in length. Based on a shared DNA identity of over 95 %, the phages described
by Yasmin and colleagues were classified in three separate species, Enterococcus phage Phifll
comprising the isolates ®FL1A, ®FL1B and ®FL1C, Enterococcus phage Phifl2 with the isolates
OFL2A and ®FL2B, and Enterococcus phage Phifl3 with ®FL3A and ®FL3B (Supplementary Table
1).

“philJ1-like viruses”

This genus, named after Lactobacillus phage @]L-1, contains two other members, Lactobacillus
phage ATCC 8014-B1 and Pediococcus phage cIP1 (Briggiler Marcé et al., 2012; Kelly et al,, 2012; Lu
et al., 2005, 2003). The latter show a very high degree of DNA identity (92.7%) and shared protein
content (96.5%), but are clearly distinct species according to their host range. Both phages share
63.0% of protein identity with ¢]L-1. Morphology of the type phage is an isometric head of about

59 nm diameter and a non-contractile tail of 182 nm long and 11 nm wide (Lu et al., 2003).



“R4-like viruses”

The broad-host range temperate Streptomyces phage R4 (Chater and Carter, 1979) possesses a
capsid of 64 nm in diameter and a laterally striated flexible tail of 190 nm length by 12.5 nm width.
Its 51.1 kb genome, which is terminated by 11bp 3’-cohesive termini (CGCCGTGTCTT) (Mitsui and
Takahashi, 1992), was until recently considered a genomic orphan. This changed with the isolation
of S. lividans phage ELB20 and S. hydroscopicus phage ¢Hau3 (Smith et al., 2013) with which R4
shares 97.2%, and 61.1% DNA sequence identity, respectively. At the protein level ELB20 and
(Hau3 share 90.7% and 61.6% proteins homologs.

“Lika-like viruses”

Three other temperate viruses identified along with ELB20 (r4likevirus), and showing marginally
larger genomes and a lower degree of DNA sequence identity to the genus R4likevirus, are
Streptomyces lividans phages Lika, Zemiya and Sujidale (Smith et al.,, 2013). They all possess 51.0-
51.5 kb genomes which are 65.7-65.8- mol%G+C and lack the tRNA genes found in the
r4likeviruses. In comparison to phage Lika, the genomes of Sujidade and Zemiya are 95.1 and
89.8% identical and these three viruses share 97.3-98.7% protein homologs. Therefore, the

Likalikevirus genus contains two species.

“Sap6-like viruses”

The two members currently belonging to this genus, Sap6 and BC-611, both infect Enterococcus
faecalis and were isolated as therapeutic agents against this bacterium (Horiuchi et al,, 2012; Lee
and Park, 2012). With 77.7 % sequence identity and 84.1 % shared proteins; these phages are
clearly related, yet distinct. Both phages were reported as members of the family Siphoviridae, but

no particle dimensions were published (Horiuchi et al.,, 2012; Lee and Park, 2012).

The genera “Sfill-like viruses” and “Sfi21-DT1-like viruses”

Phages belonging to these proposed genera all infect Streptococcus thermophilus (Supplementary
Table 1). These two groups of phages were first recognized based on the presence of two (“Sfi21-
DT1-like viruses”) or three (“Sfi11-like viruses”) major structural proteins on an SDS-PAGE profile,
and also corresponding with the presence of cos and pac sites, respectively (Le Marrec et al., 1997).
We have given the former genus a double name, since the term “Sfi21-like” was coined first, but
phage DT1 was isolated first historically (Le Marrec et al., 1997; Proux et al., 2002; Tremblay and
Moineau, 1999). Both groupings “Sfil1-like” and “Sfi21-like” were previously proposed, comprising

many of the current Streptococcus phages, but also phages infecting other low GC-content Gram



positives (Briissow and Desiere, 2001; Proux et al., 2002). While these proposals focused on
similarity in the structural region of the genome, we are taking the whole genome into account and
thus limit membership of these genera to the Streptococcus phages, which share more than 40% of

their proteins within both genera.

“SK1-like viruses”

This genus is derived from the 936-like phage group of dairy phages infecting Lactococcus lactis, a
grouping currently without taxonomic validity. It is named after Lactococcus phage SK1, the type
species and first fully sequenced isolate of the group (Chandry et al, 1997), since unfortunately
phage 936 has not been sequenced completely. This genus also comprises a large group of
Australian dairy phages (Castro-Nallar et al., 2012) which have been grouped into five species, with

isolates belonging to the same species sharing over 95% DNA identity (Supplementary Table 1).

“TP21-like viruses”

The type species of this proposed genus is Bacillus phage Tp21-l (Loessner et al., 1997), one of
three Bacillus phages designated TP21 (Klumpp et al., 2010). Analysis of these phages by Klumpp
and colleagues (2010) revealed that these are clearly separate phages and the authors suggest the
use of suffixes to indicate the different isolates. The genomes of phages TP21-T (Walter and
Aronson, 1991) and TP21-H (He et al., 1978) have not been deposited in a public database and are
therefore not included in this analysis. The other member of this genus is Bacillus phage BMBtp2
(Dong et al., 2013), sharing 86.9% DNA identity with TP21-L and 82.1% shared proteins. Both
phages share the same morphology, an isometric head and non-contractile flexible tail, with the

dimensions for TP21-L 58.5 nm head diameter and a tail of 144.8 x 11.0 nm (Klumpp et al., 2010).

“Whbeta-like viruses”

This genus comprises a set of Bacillus anthracis phages derived from the temperate phage Wf3
(WBeta) (Schuch and Fischetti, 2006) which are classified in the same species because of their
common origin. The lytic derivatives Fah, Cherry and y (Gamma) have been reported previously to
be in essence the same phage containing variations at three places in the genome (Fouts et al,,
2006). The “Whbeta-like viruses” share a common morphology, an isometric head of 56 nm and a
non-contractile tail of 200 nm with a small base plate and fibrous tail extension of about 63 nm

(dimension as described for W[3) (Schuch and Fischetti, 2006).



The Staphylococcus-infecting genera “3A-like viruses”, “77-like viruses” and “phiETA-like
viruses”

The classification of Staphylococcus-infecting siphoviruses is described in detail in a previous
publication which groups 40 phages in three new genera (Gutiérrez et al., 2014). The first two
genera reflect a previous classification scheme of Staphylococcus phages by an anterior ICTV
Bacterial Virus Subcommittee (Ackermann and DuBow, 1987) and summarize numerous studies of

phage morphology, serology, and physicochemical properties of phages and their DNAs.

Phages infecting Gram-negative bacteria

“Chi-like viruses”

The type phage of this genus, Salmonella phage x (Chi), was found to attack only motile Salmonella
strains with its receptor at the base of the flagellum (Schade et al., 1967). Recently, its genome and
that of several others (Salmonella phages iEPS5, SPN19, FSL SP-030, FSL SP-039, FSL SP-088, and
FSL SP-124) were sequenced, with the isolates FSL SP-030 and FSL SP-039 grouped in species
Fslp30 and the isolates FSL SP-088 and FSL SP-124 grouped into species Fslp88 based on above
95% DNA identity (Choi et al., 2013; Lee et al,, 2013; Moreno Switt et al.,, 2013). The number of
shared genes with the type species Chi ranges from 90 to 93%. The virion morphology is only
known for Chi and iEPS5, with comparable dimensions, showing an isometric head and long flexible

tail (Choi et al,, 2013; Schade et al,, 1967).

“D3-like viruses”

Type species of this genus is temperate Pseudomonas phage D3, which has an isometric head 55 nm
in diameter and a long flexible tail (113 nm x 7 nm) possessing six tail fibers with terminal knobs
(Kropinski, 2000), which has the ability to seroconvert lysogens (Newton et al.,, 2004). The second
phage in this genus, the virulent Pseudomonas phage phiPMG1, does not share this ability, but was
grouped in the genus because of a high DNA identity and shared protein content of 73.7% (Krylov
etal, 2012).

“D3112-like viruses”

Pseudomonas aeruginosa phage D3112 (Wang et al., 2004) and its associated species (JD024, ]BD5,
JBD26 and LPB1) are all temperate transposable viruses possessing 34.6-37.8 kb genomes, showing
DNA identities and shared protein content of over 80%. Originally mistakenly considered to be

members of the “Mu-like virus”, along with Pseudomonas phage B3, whole genome proteomic



analyses of this genus (data not shown) reveals that Mu and D3112 share only 11 homologs (20%),
while B3 and D3112 share 19 homologs (34.5%) (Braid et al., 2004). These values are too low for
these phages to be considered part of the same genus. In addition, Mu is a member of the

Myoviridae, while the other phages are members of the Siphoviridae.

“HK578-like viruses”

Escherichia phage HK578 was chosen as type species for this genus, as oldest isolate of the group
(Dhillon et al, 1970). Members of this genus infect a range of Enterobacteriaceae such as
Escherichia, Sodalis and Shigella, respectively phages HK578, JL1, and SSL-2009a, SO-1 and EP23
infecting both E. coli and Shigella sonnei (Chang and Kim, 2011; Li et al.,, 2010; Pan et al,, 2013).
Phages share a common genome organization and over 40% shared proteins, with some evidence

of rearrangements in phage SSL-2009a when compared with the others (Chang and Kim, 2011).

“Jersey-like viruses”

Bacteriophages belonging to this proposed genus have comparable genome sizes (40 - 44 kb) and
morphology, with a head size of approximately 60 nm and tail of 119 nm for the type species
Salmonella phage Jersey (Ackermann and Gershman, 1992; Ackermann et al., 1972). Phage SETP3,
part of the Salmonella Enteritidis typing set, was previously recognized as a Jersey-like phage based
on its morphology (De Lappe et al, 2009). The phages Sse3, SE2, vB_SenS-Ent1l have all been
described as virulent phages infecting multiple Salmonella enterica serovars (Kang et al., 2013; S.-H.
Kim et al, 2012; Tiwari et al,, 2012; Turner et al, 2012). Relative to phage Jersey, the phages
currently classified in this genus share at least 60% DNA identity and over 68% protein content.
This genus will be the subject of a separate paper by H. Anany and colleagues (personal

communication).

“P23-45-like viruses”

The two current members of this genus are Thermus thermophilus lytic phages P23-45, appointed
as type phage, and P74-26, which share 92.2% DNA identity and 95% protein content (Minakhin et
al,, 2008). The most interesting feature of these phages is their tail morphology, having extremely
long (~800 nm) tails, which is reflected in the size of the tail tape measure protein, 5002 residues
long for P23-45 (Minakhin et al., 2008). A similar morphology has been reported for Thermus phage
TSP4, but no sequence data is available for this phage (Lin et al., 2010). Another unusual feature
was, as reported by Minakhin and colleagues, the presence of homopolypurine-
homopolypyrimidine mirror repeat sequences forming triplexes that affect DNA synthesis, but the

biological function remains unclear.



“phiCBK-like viruses”

The genus “phiCBK-like viruses” represents a group of Caulobacter phages with large, prolate heads
and correspondingly large genomes of over 200 kb (Gill et al., 2012). The type phage, ¢CbK, has a
head of 195 - 205 by 56 -64 nm and a tail of 275 - 300 nm, with measurements varying slightly
between publications (Agabian-Keshishian and Shapiro, 1970; Gill et al., 2012). Gill and colleagues
(2012) reported phages @CbK, Karma, Magneto and Swift as a cohesive group showing over 88%
DNA identity and Rogue more distantly related at 62.6% DNA identity with @CbK. Overall, the
phages belonging to this genus share genome size (205 - 225 kb), organization, gene synteny, the

presence of a large number of tRNAs and particle morphology (Gill et al., 2012).

“phiE125-like viruses”

This genus contains three phages infecting Burkholderia showing similar genome sizes and
organization, with the type phage @E125 specific for B. mallei (Woods et al., 2002). The morphology
associated with this genus is an isometric head (63 nm for ¢@E125) and long, flexible tail of about
200nm length (DeShazer, 2004; Woods et al., 2002). Deshazer and colleagues (2004) recognized
both the relatedness between @E125 and phage ¢1026b, sharing a large number of proteins, and
also the mosaic nature of the latter phage, with the head morphogenesis genes resembling more
those of Pseudomonas phages. Despite this, the shared protein content of 80.6% warrants the
grouping in the same genus. In addition, phage @644-2 (unpublished) is also a member of this

genus with 72.2% of proteins in common with ¢@E125.

“Xp10-like viruses”

This genus comprises five viruses infecting Xanthomonas species, with phage Xp10 being the type
species (Yuzenkova et al., 2003). The main distinguishing feature of the five phages, Xp10, OP1,
@Xo0411, phiL.7 and CP1, is the presence of a single-subunit DNA-dependent RNA polymerase, like
the members of the Autographivirinae subfamily within the Podoviridae (Ahmad et al., 2014;
Yasuhiro Inoue et al., 2006; Lavigne et al., 2008; Lee et al., 2009, 2006; Yuzenkova et al,, 2003). A
second feature is the presence in the genome of several HNH-type homing endonucleases (Lee et al,,
2007). Furthermore, the phages share a common morphology (isometric head of 53 nm and tail of

173 nm for Xp10), genome size and genome organization, all sharing over 58% of proteins with the

type phage.



Discussion

It has been ten years since Daniel Nelson wrote the famous quote “we agree to disagree” about the
taxonomy of bacteriophages, reflecting different views in the phage community (Nelson, 2004). In
the meantime, the number of phage genomes sequenced has exploded and the majority of them
remain unclassified. Previous efforts by Lavigne and colleagues (2008, 2009) resulted in the
creation of new ICTV-ratified subfamilies and genera in the families Myoviridae and Podoviridae,
paving the road for further phage taxonomy. The proteome-based genus demarcation criteria used

in these publications were included in this study.

Our results are based upon comparative genomics and proteomics, backed up by phage
morphology and physiology. Combining these approaches, it becomes clear that while mosaicism is
a defining characteristic of phages it does not necessarily complicate the creation of a logical
taxonomy for many viruses, particularly those that are virulent. Nevertheless, the presence of
mosaicism in certain siphovirus groups prevented the creation of consistent subfamilies. The
criterion of 20% similar proteins could in this case occur within a single exchange module without
overall gene content identity between the phages in question. Therefore, we have at this time only

defined genera, not subfamilies, in this virus family with pervasive mosaicism.

We have deliberately chosen not to tackle the Lambalikevirus genus since preliminary proteomic
data suggest that the archetypal lambdoid coliphages HK022 and HK97 are more closely related to
each other than to coliphage A (Dhillon et al., 1970; Kameyama et al., 1999). This is also visible on
the proteomic tree (Figure 1, supplementary Figure 2) where HK022 and HK97 cluster together,
but seem unrelated to Lambda which stands alone. In addition, D. Refardt has recently sequenced a
number of lambdoid phages and the initiative to fill out this genus depends on the incorporation of

these newly emerging data.

Transposable phages have been an important tool for bacterial genetics and a broadly present as
prophages in bacterial genomes. From a genome organization perspective, Mu-related phages have
been shown to have either long-contractile or non-contractile tails (sipho- and myoviruses). Hulo
and colleagues propose to group these phages into two subfamilies, “Siphosaltovirinae” and
“Myosaltovirinae” (Salto = “to jump”) which could/should be joined into a single family
(“Saltoviridae”) if/when the current Siphoviridae/Myoviridae taxonomy level is abandoned
(discussed further in this section) (Hulo et al,, this issue). A similar solution can be envisioned for
the lambdoid phages across the Siphoviridae and Podoviridae family. In a recent study by Grose and

Casjens, investigating phages infecting the host family Enterobacteriaceae, they found a “lambda-



like supercluster” which was a large transitive, closed set formed of temperate lambda-like phages
with syntenic gene functions and a similar transcription pattern (Grose and Casjens, 2014). This
could be the basis of a new “Lambdaviridae” family containing “Myolambdavirinae” and

“Podolambdavirinae” subfamilies, but this falls beyond the scope of this paper.

For species demarcation, we used pairwise DNA similarities using a global alignment algorithm
(Needleman-Wunsch). This type of global alignment in combination with BLASTN has been used for
the classification of eukaryotic viruses, PASC (PAirwise Sequence Comparison,
http://www.ncbi.nlm.nih.gov/sutils /pasc/viridty.cgi) (Bao et al., 2012). In the case of filoviruses
similarities of 50-64% (BLASTN) and 64-72% (Needleman-Wunsch) has been suggested for
membership of the same genus; whereas 30-41%, and 52-58% respectively suggested membership
in different genera. For the plant-pathogenic ssDNA viruses of the genus Mastrevirus (family
Geminiviridae), a similar PASC classification system has been used with a cut-off of 78% to group
isolates within one species and 94% to group them into the same strain (Muhire et al., 2013). The
chosen percentage of DNA identity for species demarcation is highly dependent on the order and
family of viruses. Given the phenotypic differences associated with phages showing a high degree of
DNA similarity, we chose a threshold 95% DNA identity over the whole length of the genomes for

grouping isolates within the same species.

During the genome analyses, distinct clades within several genera were discovered (see Figure 1),
usually showing a DNA identity greater than 60% as calculated with EMBOSS Stretcher (data not
shown). This has been observed before for the Mycobacterium phages, corresponding with the
subclusters in the Mycobacteriophage Database (Hatfull and Hendrix,phagesdb.org). A similar DNA
sequence-based grouping was also noted for the Streptomyces phages (Smith et al., 2013). Based on
these data, we acknowledge the existence of potential “subgenera”. These groupings hold no
taxonomic relevance as of yet, but might form the basis of possible future genome-based taxonomic
rearrangements, i.e. the reconfiguration of the morphology-based families Myoviridae, Siphoviridae
and Podoviridae to better incorporate genomic data, taking into account mosaicism and chimeric
phages, as proposed with the introduction of the “Saltoviridae” mentioned earlier. However, before
such a massive reorganization can take place, there is a need for established and well-characterized
genera in each of the families concerned. Additionally, by suggesting such a rearrangement of the
order Caudovirales, we hope to get this specific taxonomy discussion started and get feedback from

the community.



Members of the phage community want a simple method by which they can determine whether
their recently completed genome fits within a given phage genus or subfamily. Comparative
proteomic analyses using the CoreGenes suite of programs is useful but care must be taken that
homologs exist over the length of the genome and are not selectively grouped. In addition, a
pervasive error in the use of comparative proteomics to classify phages is that in certain cases
phages have been severely over or under-annotated, DNA sequence identity employing EMBOSS
Stretcher or similar programs only works for co-linear genomes, and will be problematic with the
larger phages in which genomic rearrangements have occurred. The Prokaryote Virus
Subcommittee of the ICTV intends to prepare readily implementable molecular taxonomic tools to
aid phage scientists correctly address the taxonomic position of their newly sequenced phages. At
this time, to classify a newly isolated phage, the same approach as in the methods section can be
used, starting from the BLASTN step, this to exclude the need for the high computational power

necessary for generation of the trees.
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Figure 1. Phage proteomic tree (Rohwer & Edwards, 2002) of the phage genomes belonging to the
family Siphoviridae classified in this study. The proposed genera are colored randomly in different
colors. The tree was rooted at the node of the “phiCBK-like viruses”. No nodes were collapsed and
taxon names were replaced with their respective proposed genera. The full version of this tree is

Supplementary Figure 2.
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Table 1: Characteristics of the proposed and existing genera in the Siphoviridae family.

Proposed genus | Number of | Genome size | Features Infecting References
name proposed range (kb)
species
"Barnyard-like 4 68-71 Cluster H+ U Mycobacterium (Hatfull et al., 2010, 2006; Pedulla et al,
viruses” 2003)
“Bignuz-like 2 45-49 Cluster P Mycobacterium (Hatfull, 2012a)
viruses”
“Charlie-like 2 42 -43 Cluster N Mycobacterium (Hatfull, 2012a)
viruses”
“Che8-like viruses” 28 52-61 Cluster F Mycobacterium (Hatfull, 2013, 2012a; Hatfull et al., 2010,
2006; Henry et al,, 2010; Pedulla et al.,, 2003;
Pham et al.,, 2007)
“Che9c-like viruses” | 3 47 - 57 Cluster I Mycobacterium (Hatfull, 2012a; Hatfull et al.,, 2010; Pedulla
etal, 2003)
“CJW1-like viruses” 9 74 -76 Cluster E Mycobacterium (Hatfull, 2012a; Hatfull et al, 2010, 2006;
Pedulla et al,, 2003; Pope et al,, 2011b)
“Corndog-like 2 69 -71 Cluster O, extremely | Mycobacterium (Hatfull, 2012a; Hatfull et al., 2006)
viruses” elongated heads
(4:1-7:1,
length:width)
“Halo-like viruses” 2 41-42 Cluster G Mycobacterium (Hatfull, 2012a; Hatfull et al.,, 2006; Pope et
al, 2011b; Sampson et al., 2009)
“Lebron-like 5 69 -76 Cluster L, ~9 tRNAs | Mycobacterium (Hatfull, 2012a; Pope et al., 2011b)
viruses”
“Omega-like 6 106 -112 Cluster ], contains Mycobacterium (Hatfull, 2012a; Pedulla et al., 2003; Pope et
viruses” introns and homing al, 2013)
endonucleases
“PBI1-like viruses” 1 59 - 60 Cluster D Mycobacterium (Hatfull, 2010; Hatfull et al., 2006)
“PG1-like viruses” 13 67-71 Cluster B Mycobacterium (Hatfull, 2012a; Hatfull et al, 2010, 2006;
Pedulla et al., 2003)
“Rey-like viruses” 2 80 - 84 Cluster M, ~20 Mycobacterium (Hatfull, 2012a; Pope et al., 2011a)
tRNAs
“TM4-like viruses” 9 52 -63 Cluster K Mycobacterium (Ford et al, 1998b; Hatfull, 2013, 2012a;
Pope etal,, 2011a)
“Andromeda-like 5 49 - 50 Bacillus (Lorenz et al., 2013)

viruses”




“C5-like viruses” 2 31-32 Group b lactic acid Lactobacillus (Accolas and Spillmann, 1979; Riipinen et al,,
phages 2011)
“IEBH-like viruses” 2 53-57 Transverse tail discs | Bacillus (Lee and Park, 2010; Smeesters et al., 2011)
“phiFL-like viruses” | 3 36 - 40 Enterococcus (Yasmin et al., 2010)
“phiJL1-like viruses” | 3 36 - 38 Pediococcus, (Briggiler Marc6 et al, 2012; Kelly et al,
Lactobacillus 2012; Lu etal., 2005, 2003)
“R4-like viruses” 2 51 Broad host range Streptomyces (Chater and Carter, 1979)
“Lika-like viruses” 2 51 Related to  the | Streptomyces (Smith et al., 2013)
rdlikeviruses
“Sap6-like viruses” 2 54 -59 Enterococcus (Horiuchi et al., 2012; Lee and Park, 2012)
“Sfi21-DT1-like 5 34 -41 Streptococcus (Desiere et al, 1998; Guglielmotti et al,
viruses” 2009; Le Marrec et al, 1997; Tremblay and
Moineau, 1999)
“Sfi11-like viruses” 5 34 -43 Streptococcus (Deveau et al,, 2008; Guglielmotti et al., 2009;
Lévesque et al., 2005; Lucchini et al.,, 1999;
Stanley et al., 1997)
“SK1-like viruses” 17 27 -32 936-like group of | Lactococcus (Castro-Nallar et al, 2012; Chandry et al,
dairy phages 1997; Crutz-Le Coq et al., 2002; Hejnowicz et
al, 2009; Mahony et al,, 2006; Rousseau and
Moineau, 2009; Scaltriti et al., 2009)
“TP21-like viruses” 2 36 -38 Bacillus (Dong et al, 2013; Klumpp et al, 2010;
Loessner et al,, 1997)
“Wbeta-like viruses” | 1 36-41 Multiple virulent Bacillus (Fouts et al., 2006; Minakhin et al., 2005;
derivatives from Schuch and Fischetti, 2006)
same temperate
phage
“3a-like viruses” 6 43 - 46 Staphylococcus (Garcia et al, 2009; Ilandolo et al, 2002;
Kwan et al,, 2005; Narita et al,, 2001)
“77-like viruses” 3 41 - 45 Staphylococcus (Iandolo et al., 2002; Liu et al.,, 2004; Ma et
al,, 2006)
“phiETA-lika 31 39-45 3 subclusters Staphylococcus (Bae et al., 2006; Christie et al., 2010; Daniel
viruses” et al, 2007; Gutiérrez et al., 2010; Hoshiba et
al., 2010; Iandolo et al.,, 2002; Kwan et al,,
2005; Matsuzaki et al., 2003; Yamaguchi et
al,, 2000)
“Chi-like viruses” 5 ~59 Infect motile strains | Salmonella, (Choi etal, 2013; Lee etal., 2013)
Serratia,
Escherichia
“D3-like viruses” 2 54 -57 1 - 4 tRNAs, tail Pseudomonas (Kropinski, 2000; Krylov et al., 2012)




with terminal knobs

“D3112-like viruses” | 4 34 -38 Originally presumed | Pseudomonas (Chung and Cho, 2012; Depew et al., 2013;
Mu-like Heo et al,, 2007; S. Kim et al, 2012; Wang et
al,, 2004; Zegans et al.,, 2009)
“HK578-like 5 39 -45 Broad host range Escherichia, (Chang and Kim, 2011; Li et al.,, 2010; Pan et
viruses” Shigella, Sodalis al, 2013)
“Jersey-like viruses” | 6 40 - 44 Virulent, infecting Salmonella (Ackermann and Gershman, 1992; De Lappe
multiple serovars et al,, 2009; Kang et al,, 2013; S.-H. Kim et al,,
2012; Tiwari et al.,, 2012; Turner et al,, 2012)
“P23-45-like 2 83 -84 Extremely long tail, Thermus (Minakhin et al., 2008)
viruses” R-Y mirror repeats
“phiCBK-like 5 215-223 Extremely large Caulobacter (Gill et al,, 2012; Panis et al., 2012)
viruses” genomes
“phiE125-like 3 48 - 55 Mosaicism present Burkholderia (DeShazer, 2004; Woods et al., 2002)
viruses”
“Xp10-like viruses” 5 43 -45 RNA polymerase, Xanthomonas (Ahmad et al.,, 2014; Y Inoue et al,, 2006; Lee
HNH endonucleases et al,, 2009, 2007, 2006; Yuzenkova et al.,
2003)
In ICTV
C2likevirus 2 ~22 Lactococcus (Lubbers et al., 1995; Schouler et al., 1994)
L5likevirus 2262 48 - 54 Mycobacterium, (Fan et al,, 2012; Ford et al,, 1998a, 1998b;
Rhodococcus Hatfull and Sarkis, 1993; Hatfull, 2013,
2012a, 2010; Hatfull et al.,, 2006; Mediavilla
et al,, 2000; Pedulla et al., 2003; Petrovski et
al, 2013; Pope et al,, 2011b)
Lambdalikevirus 3 Escherichia (Juhala et al., 2000; Sanger et al., 1982)
N15likevirus 1 ~46 Enterobacteria (Vostrov et al,, 1996)
Phic3unalikevirus 1>3 ~41 Streptomyces (Foor et al,, 1985; Gregory et al,, 2003; Smith
etal, 1999)
Psimunalikevirus® 1 DNA sequence Methanobacterium
incomplete
Spbetalikevirus 1 ~134 Bacillus (Lazarevic et al., 1998)
T5likevirus 6 108-121 Escherichia, Vibrio, | (Demerec and Fano, 1945; Hong et al., 2008;
Salmonella Kim and Ryu, 2011; Mondigler et al.,, 1996;
Niu et al., 2012; Rabsch et al., 2007)
Tunalikevirus 9 46 -51 Escherichia, (Battaglioli et al, 2011; Lee et al, 2012;
Cronobacter, Mishra et al., 2012; Roberts et al., 2004;
Enterobacter, Wietzorrek et al., 2006)

Shigella




Pseudomonas (Ceyssens et al, 2008; Kwan et al,, 2006;

Yualikevirus 3 ~60
Lohr etal., 2005)

Genera 49 Species 307
a The genus Psimunalikevirus is a historical genus containing one species, Methanobacterium phage psiM1, for which the deposited DNA

sequence is incomplete.




