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contractile tail. It has a broad host range with the capability of infecting species of
the genera Erwinia, Pectobacterium, and Cronobacter. With a genome of 355,922 bp,
excluding a predicted terminal repeat of 22,456 bp, phage CBB is the third largest phage
sequenced to date. Its genome was predicted to encode 554 ORFs with 33 tRNAs.
Based on prediction and proteome analysis of the virions, 29% of its predicted ORFs
could be functionally assigned. Protein comparison shows that CBB shares between
33-38% of its proteins with Cronobacter phage GAP32, coliphages PBECO4 and
121Q as well as Klebsiella phage vB_KleM_Rak2. This work presents a detailed and
comparative analysis of vB_PcaM_CBB of a highly atypical jumbo myoviridae phage,
contributing to a better understanding of phage diversity and biology.

Keywords: bacteriophages, genome, bioinformatics, mass spectrometry, Jumbo bacteriophage, PFGE analysis,
host range, transmission electron microscopy

INTRODUCTION

Bacteriophages (phages) the viruses of bacteria are the most abundant biological entities in the
biosphere with an estimated number of 103! (Whitman et al., 1998; Hendrix, 2002). The order
Caudovirales (the tailed phages) make up the greatest majority of the phages types that have been
studied and within this order are the phage families of Myoviridae, Siphovirdae, and Podoviridae
(Ackermann, 2001). Myoviridae have the most sophisticated virion design, possessing a tail capable
of contracting on infection and generally having the largest genomes when compared to the other
families (Hatfull, 2008). However, only a small number of the known Myoviridae phages have
genomes greater than 200 kbp; and these are often referred to as “giant” or “jumbo” phages
(Hendrix, 2009). The largest of these isolated to date are Bacillus megaterium phage G (498
kbp, accession no. JN638751.1), Cronobacter phage GAP32 (358 kbp, accession no. NC_019401),
Escherichia phage PBECO4 (348 kbp, accession no. NC_027364) and Klebsiella phage Rak2 (345
kbp, accession no. NC_019526). The former three phages, GAP32, PBECO4, and Rak2 are recent
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Buttimer et al. The Hairy Enterobacteria Bacteriophage vB_PcaM_CBB

FIGURE 3 | Comparison of the genomes of phage CBB (without predicted terminal repeat region) to other potential Rak2-like phages (Cronobacter
sakazakii phage vB_CsaM_ GAP32, Escherichia coli phage 121Q, E. coli phage PBECO4, Klebsiella phage vB_KleM_RAK2, Klebsiella phage K64-1)
using currently available annotations employing TBLASTX and visualised with Easyfig (Sullivan et al., 2011). A bar chart shows the G+C skew of the CBB
genome, genome maps comprise of orange arrows indicating locations of genes among the different phage genomes; and lines between genome maps indicate level
of homology (blue/turquoise —genes sharing orientation, red/orange —genes in inverted orientation). To assist in the comparison between genomes the largest gene of

each of the phages was positioned as the first gene for each genome.

Transcription

Within the genome of CBB, eighteen RpoD-like promoters
were predicted with a consensus sequence preceded by an UP-
like element (Estrem et al., 1998; see Supplementary S2, Table
S5). Eleven of these promoters were concentrated in a region
upstream of ORFs CBB_390-546, with the majority of ORFs
within this region encoding short hypothetical proteins (see
Figure4 part A). Of the few ORFs for proteins of known
function, two are most likely to be involved in overriding of the
host transcription: the transcriptional regulator (CBB_511) and
RNA polymerase sigma factor (CBB_513). The RNA polymerase
sigma factor contains a RNA polymerase —70 like domain
(IPR014284) containing sigma factor region 2 (IPR013325),
region 3 and region 4 (IPRO13324). Protein CBB_476 may
also have a role in overriding host transcription due to a
PrlF antitoxin family domain (IPR031848). It is suspected that
the mentioned region CBB_390-CBB_546 represents the early
genes which are expressed in the very early stages of infection
and are involved in host take over. It should also be noted
that three of the other seven RpoD-like promoters lie on the
terminal repeat downstream of this region and could possibly
be a continuation of the early gene region with the remaining
promoters being located on the opposite end of the genome (see
Figure 5 part B).

Aside from this RpoD-like promoter, a second possible
promoter was detected which shows resemblance to a classic
RpoD-like promoter with a classic —10 region (TATA). However,
it differs with its —35 region with a consensus sequence of
TGAAACG instead of TTGACA (see Supplementary S2, Table
S6). This motif was also identified in the GAP32 genome
(Abbasifar et al., 2014). Of the 18 examples of this detected motif,
11 were upstream of ORFs CBB_258-CBB_329 (see Figure 5
part B), with many of the ORFs within this region found
to encode proteins with functions related to DNA synthesis
(CBB_263, 280, 328, 290, 291, 315, 277, 324, and 325). There
was also a T4-like gp55-like sigma factor (PHA02547, 4.69e-
08) predicted for possible late transcription (CBB_244) just
downstream of one of these promoters (Porf_244). However, no
homologs for the other associated late transcription proteins of
phage T4, namely gp33 and gp45, were detected (Geiduschek and
Kassavetis, 2010).

A third potential promoter was found by analyzing the
upstream sequences of ORFs that had been predicted to encode
structure-related proteins of CBB in a single submission to
MEME. Analysis showed the presence of a consensus sequence of
ATAAATA with a concentration of A and T downstream of this
motif. This hypothetical promoter was found to be present in 35
locations and has also been predicted to precede structural related
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TABLE 3 | Core proteins of T4-like phages identified within the CBB genome with full length sequence comparison to homologs in Enterobacter phage T4
and Vibrio phage KVP40 (reference strains of T4likevirus and Schizot4likevirus, respectively) using BLASTP.

Function T4 like core protein CBB Accession Identity (%) E-value Accession Identity (%) E-value
homolog number of T4 number of
protein KVP4D protein
DNA replication, repair  gp43 - DNA polymerase CBB_263 NP_049662.1 28 4.00E-26 NP_899330.1 29 4.00E-37
and recombination
gp44- sliding clamp complex CBB_332 NP_049665.1 30 6.00E-28 NP_899326.1 27 5.00E-25
gp41- helicase-primase complex ~ CBB_291 NP_049654.1 25 1.00E-21 NP_899258.1 25 4.,00E-28
gp32 - single strand binding CBB_277 NP_049854.1 29 3.00E-08 NP_899253.1 23 0.005
protein
gp46 - subunits of recombination  CBB_246 NP_049669.1 31 1.00E-23 NP_899322.1 30 3.00E-21
nuclease
gp47 - subunits of recombination  CBB_245 NP_049672.1 25 6.00E-17 NP_899320.1 24 8.00E-14
nuclease
UvsW protein - recombination CBB_281 NP_049796.1 23 3.00E-29 NP_899623.1 27 6.00E-46
DNA-RNA helicase
Auxiliary metabolism NrdA - ribonucleotide reductase CBB_303 NP_049845.1 46 0 NP_899523.1 47 0
NrdB - ribonucleotide reductase CBB_305 NP_049841.1 40 3.00E-105 NP_899524.1 45 9.00E-122
Phage morphogenesis  gp4 - head completion protein CBB_208 NP_049755.1 34 1.00E-21 NP_899577.1 42 2.00E-25
gp6 - baseplate wedge CBB_237 NP_049764.1 42 0.098  NP_899587.1 27 3.00E-05
component
gp13 - neck protein CBB_201 NP 0497721 31 1.00E-06 NP 899596.1 21 3.00E-07
gp15 - tail completion protein CBB_233 NP_049774.1 20 3.00E-07 NP_899598.1 21 2.00E-05
gp17 - large terminase CBB_275 NP_049776.1 28 8.00E-29 NP_899601.1 25 2.00E-42
gp18- tail sheath subunit CBB_204 NP_049780.1 36 2.00E-27 NP_899602.1 39 4.00E-32
gp20 - head portal vertex protein ~ CBB_252 NP_049782.1 29 2.00E-36 NP_899604.1 31 2.00E-35
gp21- prohead core protein CBB_255 NP 049785.1 31 2.00E-10 NP_899607.1 37 1.00E-25
gp23 - precursor to major head CBB_257 NP_049787.1 35 3.00E-36 NP_899609.1 34 8.00E-37
protein
gp25 - base plate wedge subunit  CBB_238 NP_049800.1 31 2.00E-10 NP_899586.1 28 1.00E-08
gp53 - baseplate wedge CBB_242 NP_049756.1 38 1.00E-04 NP_899579.1 35 5.00E-07

component

genes in GAP32. It is expected that this sequence plays a role
in late gene expression (see Supplementary S2, Table S7). This
motif resembles that of the T4 late promoter sequence, namely
TATAAATA (Geiduschek and Kassavetis, 2010).

Apart from the above-mentioned promoters, 74 potential
rho factor independent terminators were identified in the CBB
genome (Supplementary S2, Table S8).

DNA Replication, DNA Modification, and

Nucleotide Metabolism

There are eight proteins which form the T4 DNA replisome
these being DNA polymerase (gp43), clamp loaders (gp44, gp62,
and gp45), single strand DNA binding protein (gp32), primase
(gp61), helicase (gp4l), and loading protein (gp59) (Nelson
et al., 2009). CBB was found to have homologs to five of the
eight proteins (CBB_263, 332, 277, 290, and 291), but lacks
the clamp loaders (gp62, gp45) and loading protein (gp59).
Interestingly, the phage possesses a bacterial DNA polymerase

I epsilon subunit (CBB_280) with a DnaQ domain (4.32e-
21). There was also a protein which resembles the bacterial
DNA polymerase III alpha subunit (CBB_328). However, this
protein appears to be truncated, being much smaller in size to
its closest bacterial hits on BLASTP (172aa vs. 1120aa) such as
those from Oceanobacillus massiliensis (WP_010651140.1) and
B. megaterium (WP_026681428.1).

The phage also has T4 homologs for helicase uvsw (CBB_281)
and dda (CBB_315), topoisomerase gp52 (CBB_325), RNA ligase
rnlA (CBB_83) and DNA ligase gp30 (CBB100), while one of
its two ribonuclease H enzymes (CBB_272, 314) is related to
T4 rnh. In addition, an array of T4 homologs involved in DNA
repair and recombination were identified, including gp46-gp47
(CBB_246,267), endonuclease VII (CBB_248), uvsX (CBB_278),
uvxW (CBB_281) and UV repair endonuclease V (CBB_519).
CBB also has other DNA-replication proteins that have no
counterpart to phage T4 such as primase-helicase (CBB_291) and
gyrase subunit (CBB_324).

Like the other Rak2-like phages, CBB has ORFs coding
for a number of enzymes apparently involved in nucleotide
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metabolism including the aerobic class I NrdA-NrdB (CBB_303,
305) and anaerobic class III NrdD-NrdG (CBB_141, 145)
ribonucleotide reductase (RNR) enzymes for the conversion of
ribonucleotides to deoxyribonucleotides (Dwivedi et al., 2013).
There is also a glutaredoxin (CBB_194) to potentially support
with class I RNR function (Sengupta and Holmgren, 2014).
With the proteins CBB_141 and CBB_194, there are differences
between phage T4 and CBB. The latter has an NrdD RNR
subunit instead of the NrdH RNR subunit and glutaredoxin
instead of thioredoxin. CBB has two CMP/dCMP deaminases
(CBB_110,135). These generate dUMP, which is a substrate
for its thymidylate synthase (CBB_223, T4 homolog td) which
generates dTMP. The thymidylate synthase is supported by a
dihydrofolate reductase (CBB_313, T4 homolog Frd), which
provides the intermediate metabolite tetrahydrofolate. The phage
has a thymidine kinase (CBB_203, T4 homolog tk) for the
production of TMP, and such dNMPs may potentially be utilized
by its deoxynucleoside-monophosphate kinase (CBB_203) for
the production of dNDP derivatives. There is also a putative 5/,

3’ deoxyribonucleotidase (CBB_380), an enzyme in humans and

mice involved in the dephosphoration of ANMP (Walldén et al.,

2007).

Like GAP32, CBB has genes that appear to encode possible

nicotinamide-nucleotide adenylyltransferases (CBB_113, 361) as
well as a gene encoding nicotinamide phosphoribosyltransferase
(CBB_115). These enzymes are involved in the de novo synthesis
of coenzyme NAD™ (Schweiger et al., 2001) and their function
is supported by a nicotinamide mononucleotide transporter
[PnuC] (CBB_361), a membrane bound protein involved in the
uptake of the NAD™ precursor nicotinamide mononucleotide
(Zhu et al., 1991).

DNA methylation and glycosylation are strategies used by
phages to provide protection against host restriction (Samson
et al, 2013). CBB possesses DNA methylation enzymes for
both adenine and cytosine (CBB_72, 157, 399). However,
unlike GAP32, CBB lacks a second copy of DNA N-6-adenine
methyltranferase (GAP32_519). No genes for enzymes were
identified in the CBB genome related to the production of
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FIGURE 5 | Genome maps of bacteriophage CBB showing locations of RpoD-like promoters (A) and CBB divergent RpoD-like promoters (B) created using
SnapGene.

glycosylated hydroxymethyl cytosine which are found in the
T-even phages (Petrov et al.,, 2010).

tRNA Gene and tRNA Related Protein

Phage CBB has a large number of tRNA genes and it appears
that in two cases (tRNA gene 13 and 22), correct formation
and function of their tRNA gene products is assisted by tyrosyl
tRNA synthetase (CBB_132) and tRNAHis guanylyltransferase
(CBB_152) respectively, both of which are also encoded on the
CBB genome. The phage also appears to assist in tRNA turnover
with the capability of releasing tRNA molecules from newly
formed peptides by a tRNA peptidyl-tRNA hydrolase (CBB_392).
All three gene products have homologs present in GAP32 with
just CBB_132 and CBB_392 being shared with Rak2 also. As
mentioned CBB has two RNA ligase enzymes (CBB_83, 181) of
these CBB_83 may be involved in tRNA repair (Wang et al,
2006).

Translation and Post-translation

The phage also appears to be able to assist in the formation of
the bacterial translation initiation complex (ribosome, mRNA,
and tRNA) by possessing its own translation initiation factor IF-
3 (CBB_318), with homologs of this protein also being identified

in GAP32, 121Q, PBECO4, and Rak2. In addition, CBB has two
ORFs encoding for GroES-like proteins (CBB_131,268). Large
phages such as T4 and Enterobacter phage RB49 can use host-
encoded co-chaperonin GroES to assist in the correct folding of
their own structural proteins. However, these two phages also
possess their own phage-encoded GroES-like proteins that can
mimic bacterial host GroES proteins (Keppel et al., 2002), this
may also be the case for CBB

Terminase and DNA Packing
Packaging of bacteriophage T4 DNA into its capsid requires two
proteins; the small terminase (gpl6) and the large terminase
(gpl7). Phage CBB has two proteins which possess the 17
terminase domain (PHA02533), namely CBB_274 (E-value
1.28e-09) and CBB_275 (E-value 5.47e-79). However, in the
case of CBB_274 this domain is incomplete suggesting it to be
a truncated form of a large terminase. This feature was also
found to be present with the other Rak2-like phages and is
considered to be unusual and has also been identified in the
T4 superfamily Sinorhizobium phages phiM12 (NC_027204) and
phiN3 (NC_028945).

The genomic DNA of phage T4 is packaged into its capsid
with the headful packaging strategy, which results in a partially
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circularly permuted chromosome that is terminally repeated
(Casjens and Gilcrease, 2009). The exact physical nature of the
genome of CBB currently remains unknown; but as discussed
previously, analysis of its genome sequence reads suggests the
presence of terminal repeats.

CBB also has an ORF for a T4 homolog to endonuclease VII
(CBB_248), which in T4 is involved in DNA packaging as well as
recombination and mismatch repair.

Selfish Genetic Elements

Homing endonucleases are selfish mobile genetic elements
with endonuclease activity that only promote the spread
of their own encoded gene. These can be found as self-
standing genes within introns, as fusions with host proteins
or also in self-splicing inteins and their presence is prevalent
in a number of phage genomes (Edgell et al, 2010). In
CBB, three free-standing homing endonuclease genes of the
HNH family were identified, namely homing endonucleases
CBB_420, CBB_ 528, and CBB_535 resembling those found
in bacteriophages Rak2 and GAP32. Homing endonuclease
CBB_420 lies at the end of tRNA gene 7A, CBB_528 sits
between a hypothetical and a putative membrane protein
and CBB_535 lies at end of virion structural protein, Inteins
are selfish genetic elements which self-cleave during protein
posttranslation. These elements are typically spread by homing
endonuclease elements (Tori and Perler, 2011). Nevertheless,
no intein-related domains (hedgehog/Hint) were found in the
genome of CBB. However, it should be mentioned that inteins
can occur in the Rak2-like phages with hedgehog/Hint domain
(smart00306) in association with the domain of a homing
endonuclease of the LAGLIDADG family (pfam14528). Both
were detected in the large terminase of phages Rak2 and
Ko64-1.

Cell Wall Degrading Enzymes

The 35.5 kDa gene product of CBB_187 is predicted to be the
endolysin of CBB with homologs identified in GAP32 (gp180),
121Q (gp532), and RAK2 (gp506). In silico analysis shows that the
protein is modular in structure, possessing three domains, these
being an N-terminal transmembrane domain, an intermediate
domain with a possible cell wall-binding domain showing weak
homology to the LysM domain (IPR018392), and a C-terminus
lysozyme domain (IPR023347). It is worth mentioning that
the cell wall binding domain is very apparent in the 121Q
homolog (PB1_121_532) of this protein. The presence of a cell
binding domain is unusual in phages infecting Gram-negative
bacteria and only a few endolysins with this feature have been
reported to date, examples being the Pseudomonas aeruginosa
phage endolysins KZ144 (phage ¢KZ), and EL188 (phage EL)
(Briers et al., 2009, 2007). However, the cell-binding domains of
these differ to those identified in the Rak2-like phages. Another
unusual feature of this endolysin is the presence of an N-terminal
transmembrane domain, reported in endolysins that follow the
signal arrest system, examples being P1 lyz and ¢KMV gp45
lysin (Xu et al., 2004). Unsuccessful attempts to clone and
express CBB_187 to date have suggested that it may be toxic,

as induction results in inhibition of E. coli growth (data not
shown).

Three identified proteins (CBB_238,239 and 240) are possibly
associated with the baseplate structure of the phage tail; and
each has a lysozyme domain. Gene product CBB_238 possesses
a GPW 25-like domain (PF04965), which is related to gp25 of
phage T4. The latter forms part of the T4 baseplate and possesses
acidic lysozyme activity (Szewczyk et al., 1986), with protein
CBB_238 also being quite similar in size (129 aa vs. 132 aa). Gene
product CBB_239 has a T4-type lysozyme domain (IPR001165)
and CBB_240 an N-terminal gp5 domain (IPR006531) with a C-
terminal lysozyme (IPR002196). The gp5 N-terminal domain is
an oligosaccharide-binding (OB) fold and is related to the tail
spike (gp5) of T4. However, it is not certain if CBB_250 has
this function as it is much larger than gp5 (894aa vs. 575aa)
and the domain architectures differs, with gp5 possessing an
N-terminal OB fold, centrally located lysozyme and C-terminal
triple stranded-helix domains (Kanamaru et al., 2002). CBB_250
may also contain a centrally located M23 family peptidase
domain (pfam01551, E-value 6.48E-4) which could be identified
in homologs in other Rak2-like phages. Of these three proteins,
only CBB_238 and CBB_240 have been confirmed as structural
proteins in the Rak2-like phages.

Structural Proteins of CBB and Other
Rak2-Like Phages

To identify gene products involved in the maturation and
structure of the capsid of CBB, an in silico approach was first
undertaken to identify homologs of the proteins with known
functions. This was followed by identification of proteins having
domains with structure-related roles and also by protein analysis
using mass spectrometry (ESI-MS/MS). The identification
of phage structural homologs was supported by structural
proteomic analysis data that had previously been conducted on
other Rak2-like phages, namely GAP32 and Rak2 (Simoliinas
et al., 2013; Abbasifar et al., 2014). Using this approach, it
was possible to predict 65 gene products with structural roles
(excluding the terminase proteins as well as the PhoH and ssDNA
binding protein of Rak2). Such genes were identified to have
functions in the structure of the capsid (CBB_208, 252, 255, 257),
neck (CBB_201), tail (CBB_112, 204, 233), baseplate (CBB_237,
238, 239, 240, 242), and tail fibers (CBB_226, 260, 261). Next
we attempted an experimental verification of structural proteins
using SDS-PAGE of the denatured virion proteins (see Figure 6),
followed by trypsin digestion and mass spectrometry. From this
work, 55 proteins were associated with the structure of the phage
capsid (see Table 4) with sequence coverage ranging from 4.1
to 91.3% and the number of unique peptides ranging from 1 to
30. These results allowed the identification of an additional 18
structural gene products to be associated with the structure of the
mature CBB phage particle (see Supplementary S5, Table S1 and
Supplementary S6).

The structure of CBB is very similar to that of GAP32, sharing
76 homologs of the 83 gene products predicted to be involved in
CBB morphology. Phage Rak2 however, is less similar to CBB,
only sharing 64 homologs of these genes. TEM images taken of

Frontiers in Microbiology | www.frontiersin.org

11

January 2017 | Volume 8 | Article 44


http://www.frontiersin.org/Microbiology
http://www.frontiersin.org
http://www.frontiersin.org/Microbiology/archive

Buttimer et al.

The Hairy Enterobacteria Bacteriophage vB_PcaM_CBB

%45 hDa
90 kD3
135 kDa
100 kDa

S0 kDa

58 kDa

46 kDa

32 kDa

25 kDa

22 kDa

17 kDa

11 kDa

FIGURE 6 | SDS PAGE of the structural proteins of phage vB_PcaM_CBB. Left lane shows migration patterns of New England Biolab’s coloured molecular
mass board range protein standard with right lanes showing that of structural proteins of phage CBB.

these phages shows that tail fibers associated with the baseplates
of CBB and GAP32 are morphological very similar with both
greatly differing to that of Rak2 (Simoltnas et al., 2013; Abbasifar
et al, 2014). Analysis of the structural genes also indicates this.
There are tail fiber related genes (CBB_226, 261) in the genomes
of GAP32 and CBB which have no homologs in Rak2 and
there are also a number of tail fiber/tail spike gene products
(RAK_527,528, 530, 530, 532) in Rak2 which are not represented
in CBB and GAP32. These differences most likely represent
adaption of tail components correlating with host ranges of these
phages.

The only structural protein of GAP32 that had previously
been identified by mass spectrometry, which was not found
in the genome of CBB, was GAP_001. It resembles a DNA
chromosome condensation protein. This protein possesses
the AST1 (COG5184) domain of the Conserved Domain
Database and the regulator of chromosome condensation
1/ beta-lactamase-inhibitor protein II (IPR009091) domain
of Interproscan. Interestingly homologs of this protein
were also identified in multiple copies in the genomes
of other Rak2-like phages 121Q (121Q_234-238, 240-
242, and 244-248) and PBEC04 (ACQ_286, 289, 292, and
294-296).

The majority of the structural genes of CBB found within one
large region of approximately 70 kbp (CBB_201-261), with small
clusters of genes occurring throughout the rest of the genome.
There are six structural proteins (CBB_144, 247, 536, 537, 551,
and 552) that have been identified by mass spectrometry whose

genes are not present on GAP32 genome, and four of these occur
in a small ~10 kbp cluster (CBB_534-553).

One of the unusual features found with phage CBB when
compared to GAP32 was a number of proteins containing
Kelch-like domains for which there were no obvious homologs
present in the other Rak2-like phages. These proteins were
CBB_550, possessing a Kelch-type beta propeller (IPR015915)
domain and CBB_552 and CBB_554, both with a Kelch-type
beta propeller (IPR015915) and Kelch repeat type 1 (IPR006652)
domains. These domains are comprised of six four-stranded beta
propellers and have been identified as important in protein-
binding interactions in a number of non-phage-related proteins.
Of the three mentioned proteins, CBB_552 has been identified
to form part of the mature phage structure. Proteins containing
Kelch-like domains have been identified in the proteomes of
eukaryotic viruses such as poxvirus. Their presence is unusual
in phage but they have been reported in other giant phages that
infect Pseudomonas and Yersinia (Hertveldt et al., 2005; Barry
et al., 2010; Skurnik et al., 2012).

Given the high level of morphological and genetic similarity
of phage CBB-GAP32, it is logical to assume that the presence of
the extra morphological feature of hair-like structures along the
tail shaft of phage CBB would be represented by morphological
genes not present in GAP32 (other than CBB_370, a homolog
of which is found in Rak2), if GAP32 does indeed lack these
atypical whisker-like structures observed on CBB. However, it is
still possible that a number of other structural proteins of CBB
may not have been detected in the mass spectrometry assays
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TABLE 4 | Details of the proteins identified from ES-MS/MS conducted on
capsid proteins of phage CBB.

ORF Predicted function Number of Sequence
unique peptides coverage %
CBB_29 Structural protein 29.55
CBB_38 Structural protein 56.61
CBB_104  ATP-dependent Clp 1 4.51
protease proteolytic
subunit
CBB_112 Major tail protein 4 24.30
CBB_118 Structural protein 7 60.40
CBB_144 Structural protein 5 34.00
CBB_169  Structural protein 3 26.30
CBB_183 Structural protein 8 23.60
CBB_201 Neck protein 5 32.60
CBB_205 Structural protein 6 20.10
CBB_207 Structural protein 9 37.10
CBB_210 Structural protein 13 60.50
CBB_213 Structural protein 5 18.93
CBB_214 Structural protein 1 15.40
CBB_224 Structural protein 22 47.80
CBB_225 Structural protein 16 68.54
CBB_226 Long tail fiber proximal 10 6.06
subunit
CBB_227 Structural protein 5 32.07
CBB_228 Structural protein 13 44.09
CBB_230 Structural protein 2 12.70
CBB_231 Structural protein 12 53.30
CBB_233 Tail sheath stabilizer and 12 31.61
completion protein
CBB_234 Structural protein 12 35.84
CBB_236 Structural protein 21 7.72
CBB_237 Baseplate wedge 13 12.47
CBB_240 Baseplate hub subunit 3 411
and tail lysozyme
CBB_241 Structural protein 12 17.10
CBB_242 Baseplate wedge protein 39.40
CBB_243 Structural protein 46.20
CBB_247 Structural protein 1 4.78
CBB_251 Structural protein 29 50.14
CBB_254 Structural protein 15.50
CBB_256 Structural protein 13.23
CBB_257 Precursor of major head 21 68.06
subunit
CBB_260 Putative tail fiber protein 11 24.04
CBB_270 Structural protein 12 91.32
CBB_271 Structural protein 9 56.40
CBB_276 Structural protein 8 21.70
CBB_286 Structural protein 4 29.70
CBB_292 Structural protein 1 10.90
CBB_294 Structural protein 4 33.10
CBB_298 Structural protein 10 35.81
CBB_299 Structural protein 2 20.00
CBB_320 Structural protein 4 37.20
(Continued)

TABLE 4 | Continued

ORF Predicted function Number of Sequence
unique peptides coverage %
CBB_322 Structural protein 30 43.57
CBB_334 Structural protein 7 40.00
CBB_494 Structural protein 1 5.81
CBB_496  Structural protein 4 17.50
CBB_536  Structural protein 8 41.40
CBB_537 Structural protein 2 11.00
CBB_548 Structural protein 5 25.90
CBB_549 Structural protein 6 50.70
CBB_551 Structural protein 4 24.10
CBB_552 Structural protein 2 9.54
CBB_553 Structural protein 7 34.80

conducted for this article. At this time, it is not possible to
pinpoint the exact gene products responsible for the atypical
whisker-like structures observed in phage CBB.

CONCLUSION

A number of jumbo phages like CBB have been reported in recent
years (Kim et al., 2013; Simolainas et al., 2013; Abbasifar et al,,
2014; Drulis-Kawa et al., 2014; Buttimer et al., 2016; Yuan and
Gao, 2016). Among them, phage CBB is significant given the
identification of atypical whisker-like structures on its contractile
tail, for which a function has not yet been assigned. However,
given that a number of proteins found on phage particle surfaces
(such as those with Ig-like domains, Fraser et al., 2006) have been
proposed to play a role in the interaction between the phage and
the host cell surface other than tail fiber proteins, it is not difficult
to hypothesize that the whisker-like structures may play a similar
role. However, this remains to be proven. The likely reason that
these phages have been rarely isolated and reported may be due to
the difficulty observed with plaque formation in standard plaque
assay overlays, as experienced with phage CBB.

CBB is a member of a group of phages represented by
phage Rak2 (the first to have been reported), of which, phages
GAP32, PBECO03, 121Q, and K61-1 are members. CBB, like the
other Rak2-like phages possesses a number of homologous core
proteins found in T4-like phages, a number of which play crucial
functions, suggesting that these proteins have not been acquired
by horizontal gene transfer as seen with some phages (Petrov
et al,, 2010). However, given the level of divergence and the lack
of a number of core T4-like protein homologs, this relationship
appears to be distant with current members of Tevenvirinae, as
suggested by the phylogenetic analysis of portal vertex and major
capsid proteins done in this study. In addition, these phages also
possess a large number of proteins that have not been identified in
other T4-like phages, as illustrated with total protein comparison
of the Rak2-like phages to those of phage T4 and KVP40.

With the sequence annotation and morphological data
currently available for these phages, it is justifiable that
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they would form their own genus (“Rak2virus”) without any
question; and indeed the proposal of placing them within
a new subfamily has very strong merit, as suggested by
Abbasifar et al. (2014). Nevertheless, it must be mentioned
that the putative functions of the CBB genes/proteins described
in this work is based on gene identification and similarity
to genes/proteins of other phages in the public databases.
In vivo work would be useful to fully validate their precise
roles.
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