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The Bacillus phage phiAGATE is a novel myovirus isolated from the waters of Lake Géreckie (a eutrophic lake in western
Poland). The bacteriophage infects Bacillus pumilus, a bacterium commonly observed in the mentioned reservoir. Analysis of
the phiAGATE genome (149844 base pairs) resulted in 204 predicted protein-coding sequences (CDSs), of which 53 could be
functionally annotated. Further investigation revealed that the bacteriophage is a member of a previously undescribed
cluster of phages (for the purposes of this study we refer to it as “Bastille group”) within the Spounavirinae subfamily. Here
we demonstrate that these viruses constitute a distinct branch of the Spounavirinae phylogenetic tree, with limited
similarity to phages from the Twortlikevirus and Spounalikevirus genera. The classification of phages from the Bastille group
into any currently accepted genus proved extremely difficult, prompting concerns about the validity of the present
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Introduction

Spounavirinae 13 a subfamily of Myoviruses with large (75-100 nm
diameter) isometric heads and long tails (140-220 nm) [1]. All
known members of the taxon infect bacteria from the phylum
Firmicutes and are strictly virulent [1,2]. Since phages incapable of
lysogeny make good candidates for phage therapy, there is
increasing interest in this subfamily [3,4].

Spounaviruses possess large (127-157 bp), linear dsDNA
genomes ending with long terminal repeats (LTRs). This can
cause problems during assembly of reads from shotgun sequencing
methods, since the resulting sequences appear circular despite the
linear arrangement of the genome [5,6]. Genes of these
bacteriophages have a modular arrangement, with distinguishable
DNA packaging, head and tail morphogenesis and DNA
replication modules. Viruses from the subfamily frequently carry
inteins within immature polypeptides or introns in transcripts and
have their own, unique sets of tRNAs [3,7-11].

The taxon comprises two genera: Spounalikevirus (termed “SPO1-
like viruses” prior to the 2012 Virus Taxonomy release) and
Twortlikevirus. 'The genus Spounalikevirus currently includes only one
ICTV (International Committee on Taxonomy of Viruses)
recognized member, Bacillus phage SPO1, while Twortlikevirus
contains the staphylococcal phages (phages Twort, G1, and K), as
well as viruses infecting Listeria (phages A100 and a A510).
Together with orphan species (Enterococcus phage phiEC24C and
Lactobacillus phage LP65), there are eight ICTV-accepted subfam-
ily members [12,13]. Nevertheless, the NCBI Taxonomy database
lists 25 different phages (9 Spounalikeviruses, 9 Twortlikeviruses,
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and 7 unclassified phages), most with complete genomes available
in GenBank [14].

The aim of this study was to characterize the Bacillus phage
phiAGATE, a large spounavirus isolated from the waters of a
stratified, eutrophic lake (Lake Goreckie in western Poland).
PhiAGATE infects Bacillus pumilus, a Gram-positive (or variable),
motile, spore-forming bacterium related to B. subtilis and B.
lichenoformus. B. pumilus is also often found in soil, food products and
water (including water from studied lake, Barylski et al. unpub-
lished data) [14,15]. Some strains have been isolated from the mid-
gut of black tiger shrimp, emperor moth caterpillars, feathers,
leather, paper, and even on the surfaces in the International Space
Station or clean-rooms of the spacecraft assembly facility [15-17].

B. pumilus is a nitrogen-fixer, capable of metabolic transforma-
tion of molecular nitrogen into ammonia [18,19]. It also solubilizes
and mineralizes otherwise insoluble phosphorus compounds
[20,21] and promotes the growth of some crops [22,23]. (however,
at least one known strain is pathogenic to mango plants [24]).

Several strains are used in industry (as a source of alkaline
protease utilized for hide dehairing [25,26], or a xylanase used in
papermaking [27,28]). Other synthesize a bacteriocin active
against many Gram-positive bacteria (including Methicillin-
resistant Staphylococcus aureus) [29]. Certain marine isolates possess
a quorum-sensing interference mechanism [30,31]. Although the
species is generally considered to be non-pathogenic to humans, a
few cases of cutaneous lesions and food poisoning were associated
with this bacterium [32,33].

At least one environmental isolate has been shown to carry
active prophages within its genetic material [34]. However, few
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phages are known to infect B. pumilus and there are almost no
assoclated genomic data (see Table 1). We therefore sought to
comprehensively characterize phiAGATE and learn more about
its structure, genomics and phylogeny.

Materials and Methods

Ethics Statement

All samples from protected areas were provided by the
Department of Hydrobiology, Adam Mickiewicz University,
Poznan, Poland (hydro@amu.edu.pl). An appropriate permit
(number 6/2011-09/2009) was obtained from the Wielkopolski
National Park Administration (Jeziory, 62-050 Mosina, Poland,
sekretariat@wielkopolskipn.pl) for this study.

Bacterial Strains

The host organism, Bacillus pumilus strain GLI1, had been
isolated from sediments of Lake Goreckie (52°15'46"N
16°47'53"E, Greater Poland region, western Poland) in previous
studies. 16S rDNA (using primersl6S_{fD1 [39], 16S_pA [40],
16S_1100R, 16S_1100F, 16S_519RDeg and 16_S357F [41]) was
sequenced and compared to the NCBI Nucleotide collection
database (nr/nt) to determine species identity of this microorgan-
ism [14]. The obtained sequence was deposited in GenBank
database, under accession number KC412012. Identification was
confirmed using Microbact 24E tests (Oxoid, procedure modified
for Bacillus sp. according to Logan and Berkeley [42]) and peptide
profiling of the total proteome using LC-ESI-MS/MS spectrom-
etry (in the Laboratory of Mass Spectrometry, IBB PAS) [43].

Growth Media

Water Plate Count Agar (CM1012, Oxoid) and LB broth were
used for bacteriophage isolation. Routine phage cultures were
prepared either in LB-MM medium (LB broth supplemented with
0.2% maltose and 10 mM MgSOy) or on LB agar.

Bacteriophage Isolation

Water samples were collected between April and August 2010
in the littoral and pelagic zones of Lake Goreckie. An enrichment
culture strategy was used to multiply phages prior to detection.
Each sample (4.5 ml) was incubated overnight with 0.5 ml of
10xLB broth and 0.5 ml of candidate host culture (previously
grown 18 h in LB broth medium). The resulting mixture was
filtered through a 0.22 wm sterile Millex-GP filter unit (Millipore)
and a drop (1-2 ul) of the filtrate was spotted on the freshly
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Table 1. Phages infecting Bacillus pumilis.

Family Phage Genome Comments/source

Myoviridae PMB1 n.a. sporulation-converting [51]

Myoviridae PMJ1 na. sporulation-converting [51]

Myoviridae 702phil-1 14 partial sequences (8.9 kb) (Hardies and Serwer, unpublished data)

Siphoviridae PBP1 na. [62]

Podoviridae 029 NC_011048.1 (19.2 kb) isolated as Bacillus subtilis phage, also infects B amyloliquefaciens and B.
licheniformis [63]

n.a. 31 na. Available at JSCC [64]

na. NP-5 na. Available at JSCC [64]

n.a. 236 n.a. Available at ATCC (Gordon RE, unpublished data)

(JSCC - Japan Society for Culture Collections, ATCC - American Type Culture Collection).

doi:10.1371/journal.pone.0086632.t001

prepared bacterial lawn. The lawn was allowed to grow overnight.
If a clearance zone was observed, the remaining filtrate was titred
and single plaques cut out to be used as an inoculum for further
steps.

Phage Growth

Host cultures were allowed to grow for 18 h at 30°C, inoculated
with phage suspension to reach the titer of ~5x10” PFU/ml (or,
in the case of initial cultures with material isolated from a single
plaque), and incubated overnight. Crude phage lysates were
filtered through a 0.22 um sterile Millex-GP filter unit, titred, and
stored at 4°C.

Transmission Electron Microscopy (TEM)

Phage particles were separated from the bacteria-free lysates
(10 ml) by filtering through a 0.015 pum Nuclepore Track-Etched
Membrane (Whatman) [44], washed with SM buffer without NaCl
and gelatin (8 mM MgSO4, 50 mM Tris-HCl pH 7.5) and
resuspended in the same buffer. The resulting suspension was
applied to a Formvar/Carbon-coated copper EM grids and the
phage particles were allowed to absorb for 45 s after which the
grids were washed with sterile deionized water. After negative
staining with 2% uranyl acetate they were air-dried and studied
using a JEOL JEM-1400 transmission electron microscope at
120 kV. The size of the head and length of the tail were calculated
from 12 independent measurements of separate virions and
reported as a mean values = standard deviation.

Phage Adsorption and Replication Characteristics

Both adsorption rate and one-step growth curves were
determined as described by Sillankorva et al. [45], with minor
modifications (mean values from four independent replicates are
presented).

For the adsorption experiment, the bacteria in the steady-state
growth phase were diluted in LB-MM broth to an optical density
ODgq of 0.6 ("*3><108 CFU/ml). 30 ml of the bacterial suspen-
sion and 30 pl of the appropriately diluted phage solution were
mixed in order to obtain a multiplicity of infection (MOI) of 0.01
and the resulting mixture was incubated at 30°C with shaking
(230 rpm). Samples (1 ml) were collected every minute over a
period of 10 min, immediately treated with chloroform (1% v/v),
diluted, mixed with 3 ml of soft agar (LB broth with 0.7% low
gelling temperature agarose), and plated on LB agar plates. After
overnight incubation at 30°C, plaques were counted and the
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adsorption rate was calculated according to Barry and Goebel
(46].

To determine the dynamics of phage growth, 10 ml of an
overnight host culture was harvested by centrifugation (4000 xg,
12 min, 21°C), resuspended in 30 ml of fresh LB-MM medium,
and incubated (30°C, 230 rpm) until the suspension reached an
ODg of 0.6. The phage solution (3 pl) was then added to obtain
a MOI of 0.001, and phages were allowed to adsorb for 10 min at
30°C. The mixture was centrifuged (4000 xg, 12 min, 21°C) and
the pellet resuspended in 30 ml of fresh LB-MM medium and
incubated at 30°C. Two samples (0.5 ml) were taken every 10 min
over a period of 80 min. One was mixed with 3 ml of soft agar and
plated immediately, while the other was plated after treatment
with 1% (v/v) chloroform to release intracellular phages.

Purification and Sequencing of viral DNA

20 ml of cleared lysate were treated with DNase I (1,5 Kunitz
units per ml of suspension, 37°C, 30 min) to remove the remains
of unprotected host genetic material. Phage particles were
concentrated by precipitation with PEG-8000 solution (5 ml of
20% PEG-8000 in 2.5 M NaCl) followed by centrifugation
(35000 rpm, 30 min, 4°C, rotor 55.2 Ti Beckman). DNA was
isolated from the resulting pellet using a QIAamp DNA Mini Kit
(Qiagen, manufacturer’s instructions, protocol D). After assess-
ment of the quality by electrophoresis, DNA samples were either
stored at —20°C or repurified, if needed (using the same Kit,
protocol L).

454 sequencing was performed at Genomed Inc. (Warsaw,
Poland) as one single-ended run of a Genome Sequencer Junior
(Roche) and assembled using GS De Novo Assembler 9 with the
average coverage of 52.2 x distributed among 16492 reads (leaving
no gaps to be filled by the Sanger method).

A
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Analysis of the Phage Genome

Coding sequences (CDSs) were predicted using Genemark.hmm
2.8 (http://exon.gatech.edu/gmhmm?2_prok.cgi) [47], Glimmer 3
[48], fgenesVO (http://linuxl.softberry.com) [49], and RAST 4.0
(http://rastnmpdr.org/) [50]. Only the CDSs predicted by at
least three tools were selected for further analysis. Domains
contained in predicted proteins were detected with the Inter-
ProScan tool from the Geneious 5.6.6 software suite [51,52].
Functional annotation was carried out by comparison of the results
of the RAST analysis and a BLASTp (http://blast.ncbi.nlm.nih.
gov/) search (against the non-redundant protein database) [53]
with the detected domains. The quality of predictions was assessed
using PFP, EFG online tools (http://kiharalab.org/) [54,55] and
Blast2GO (http://www.blast2go.com/) [56]. The latter program
was also used to assign CDSs to ontological categories. The search
for tRNA genes was performed with tRNAscan-SE 1.21 (http://
lowelab.ucsc.edu/tRNAscan-SE/) [57], while tandem repeats
were located by the Phobos Tandem Repeat Finder plug-in in
Genelous [52,58]. All stages of annotation were curated manually.

Phylogenetic Analyses

To determine the phylogenetic position of the investigated virus,
we chose to study six marker sequences representing different
genomic modules: the major capsid protein and portal protein
(head morphogenesis module), tail sheath protein (tail morpho-
genesis module), DNA polymerase and helicase (DNA replication
module), and the large terminase subunit (product of the only
functionally annotated gene in phiAGATE in the packaging
module). With the exception of the helicase, we used proteins often
described as taxonomic markers in the literature concerning
phylogeny of myoviruses [1,59-63]. The sequences from phiA-
GATE were predicted as described above, while their closest

Figure 1. Transmission electron micrographs of phiAGATE virions. Panels A and B show typical morphologies observed under the electron

microscope. Panel C depicts a phage particle with contracted tail.
doi:10.1371/journal.pone.0086632.9001
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Figure 2. Replication and adsorption dynamics of phiAGATE.
Panel A shows an adsorption curve and panel B one-step growth curve.
Error bars represent standard deviation.
doi:10.1371/journal.pone.0086632.9002

homologues from other phages were retrieved from GenBank
using BLASTp and scanned for the relevant domains using the
InterProScan tool from the Geneious suite (for details see Table
S1).

To choose preliminary candidate taxa for the studied phages we
performed BLASTp analysis (querying the non-redundant protein
database [14]) of selected markers. Preliminary classification was
confirmed by cluster analysis of the phages and 202 myoviruses
with complete genomes deposited in the NCBI Reference
Sequence database (RefSeq) [14], based on the similarity of the
genomes. This analysis was conducted using the CLuster ANalysis
of Sequences (CLANS) software package [64] which performs all-
against-all BLAST searches, calculates attraction values from P
values of high scoring segment pairs (HSPs), and visualizes the
resulting similarity network using a variant of the Fruchterman—
Reingold graph layout algorithm. Drulis-Kawa et al. previously
applied a similar approach to Podoviruses [65], however, while
they used tBLASTx algorithm to compare sequences, we found
that this approach generated too much background noise to obtain
meaningful clustering; we therefore used BLASTn (word size 7,
other settings default). A similar analysis was also performed at the
subfamily level to group the analyzed phages with 21 sequenced
and classified (according to the NCBI taxonomy database) taxon
members [7-11,66-74]. We also compared the whole genomes of
these phages using Gegenees 2.0.0 (tBLASTx method, fragment
size —50, step size —25) [75] and generated dendrograms with
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SplitsTree 4.13.1 [76], using the neighbor joining method (as in
[75] and [77]) based on the resulting similarity matrix.

To further explore in-subfamily relationships we prepared
maximum likelihood (ML) trees for each protein marker, as well as
the condensed tree (generated from concentrated alignments of all
marker sequences), using PhyML 3.0 [78] (BEST topology search,
250 bootstrap replicates). The sequences were aligned using the
MUSCLE alignment tool in Geneious [79] (with max. 1000
iterations), while evolution models were selected using ProtTest
3.2.1 [80]. All resulting trees were visualized in the Geneious tree
viewer. Their congruence was assessed using the Online Calcu-
lation of Congruency Index (Icong, http://max2.ese.u-psud.fr/
bases/upresa/pages/devienne/) based on the maximum agree-
ment subtrees (MAST) method [81].

Comparative Genomics

We used the BLAST Ring Image Generator (BRIG, with the
tBLASTx as a comparison algorithm) [82] to generate circular
maps of genomic similarity and the Progressive Mauve tool from
the Geneious software suite to perform linear comparison [83].
Default parameters and settings were used for all tools unless
stated otherwise. For detailed information about all the analyzed
sequences sce Table S2 (supporting information).

Results

Bacteriophage Isolation and Morphology

The first isolate of the novel bacteriophage (later named
phiAGATE) was found in April 2010 in water samples collected
above the sediment in the littoral zone of Lake Goreckie
(52°15'46"N 16°47'53"E, Greater Poland region, western Poland).

TEM analysis revealed that virions of phiAGATE display
typical binary symmetry characteristic of the order Caudovirales.
The head is roughly icosahedral, with diameter of 91.16 (£3.71)
nm. The length of the tail is 165.41 (£8.67) nm, however, some
virions had altered tail morphology that clearly suggested a
contraction. We therefore assumed that the phage is a member of
Myoviridae family (Figure 1).

Phage Adsorption and Replication Characteristics

The adsorption process turned out to be very rapid, with the
titer dropping below 10% within two minutes of the start of the
experiment. The adsorption rate constant calculated for this
period was 6.44x10~? ml/min.

The lengths of eclipse and latent periods inferred from the
results of the one-step growth experiment were ~25 and
~35 min, respectively. The phage reached a burst size of
153 PFU per infected cell during the first 60-65 min of the
experiment (for details, see Figure 2).

Analysis of the Phage Genome

All Myoviruses have a linear dsDNA genomes. However, initial
assembly of the phiAGATE genome appeared to be circular,
presumably due to presence of long, overlapping terminal repeats.
This presumption was confirmed by the analysis of reads
arrangement. We found 2669 bp long segment with mean
coverage 1.9x higher than the rest of the sequence. It probably
corresponds to overlapping LTRs. Moreover, the region is flanked
by two tandem repeats (a 7-nt repeat on positions 145983-146061
and an 8-nt repeat on positions 2685-2735) that may be connected
with formation of physical ends of DNA molecule. Bearing these
findings in mind we set the starting point of the sequence to the
first nucleotide of the mentioned segment. If our suppositions are
true, complete genome of phage phiAGATE is 148844 bp long.
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Its unique sequence consists of 147175 bp and has a GC
content of 41.0%. Detailed analysis of this sequence resulted in
prediction of 204 different CDSs (32 on the forward strand and
172 on the reverse strand, additionally five of them are repeated in
LTR), three tRNA genes (for Asn, Met, Phe), and a sequence
identified by tRNAscan as a Glu pseudogene. The most frequently
recognized start codon is ATG (80.9%; TTG and GTG accounted
for 9.8% and 9.3%, respectively), while the stop codon is TAA
(63.7%, TAG —20.1%, TGA ~16.2%). 108 of 204 predicted CDSs
are similar to known sequences (with a BLASTp e-value of le-10
as a cut-off). Putative functions were assigned to 53 of them, and
ontological terms to 49 (Table S3).

The genome has a modular structure typical for spounaviruses.
Two groups of genes associated with DNA replication and
recombination, together with a cluster of CDSs connected with
nucleotides biosynthesis, form the replication module (located
between ~46 and ~80 kb). Genes for structural proteins
constitute the morphogenesis module (from ~85 to ~118 kb),
which can further be divided into parts encoding the head and tail
proteins. The latter include, among others, three CDSs that

PLOS ONE | www.plosone.org

resemble known genes for enzymes involved in degradation of cell
wall components: tail lysin 1 (containing a peptidase domain), tail
lysin 2 (similar to known endo-beta-N-acetylglucosaminidases),
and a 3D domain-containing protein (that is likely another
peptidase). Surprisingly, the CDS encoding endolysin (N-acet-
ylmuramoyl-L-alanine amidase) was found in the vicinity of a gene
for a large terminase subunit, but not the one for the holin (located
~60 kb away and orientated in the opposite direction). Of note,
two proteins resembling known exopolymer-degrading depolym-
erases (the poly-y-glutamate hydrolase and the pectin lyase-like
protein) are also encoded in phiAGATE genome. The complete
annotated sequence of this genome is available in GenBank under
accession number JX238501.2. For detailed information about
predicted CDSs and genome arrangement, see Figure 3 and Table
S3.

Phylogenetic Analyses

EM studies indicate that phiAGATE is a member of the
Mpyoviridae family. Generally, the 20 top-scoring hits during
BLASTp analysis of marker proteins originated either from
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fragment size -50, step size -25). The heat plot colors reflect this similarity, ranging from low (red) to high (green). The heatmap is asymmetric
because the variable contents of genomes differ in sizes and a similarity is calculated as a fraction of similar sequences in each genome. The tree was
constructed with SplitsTree using the neighbor joining method. The scale bar represents a 10% difference in average tBLASTx score. Leaves of the
tree are colored by proposed in-subfamily clustering: blue - Bastille group, green - Twort group, red - Bacillus phage SPO1. Abbreviations include
name of host taxon (Ba - Bacillus, Bx — Brochothrix, En — Enterococcus, Lb - Lactobacillus, Li - Listeria, St - Staphylococcus) and the bacteriophage

name. All analyzed sequences are listed in Table S2.
doi:10.1371/journal.pone.0086632.g005

members of the Spounavirinae subfamily, or from unclassified
bacteriophages (see Table S1). Only the three lowest-scoring hits
for the helicase matched proteins of Tevenvirinae phages. An
analogous BLAST analysis of the mentioned unclassified viruses
(namely Bacillus phages B4, B5S, BCP78, BCU4, BPS13, W.Ph.,
and staphylococcal phage JDO007) yielded very similar results
(although several markers showed slight similarity to bacterial
sequences). We therefore concluded that phiAGATE, along with
these phages, belong to the Spounavirinae subfamily. This was
confirmed by clustering their genomes and genomes of 202 other
myoviruses (retrived from RefSeq database) based on sequence
similarity (P values of BLASTn HSPs) using CLANS. The
bacteriophages in question grouped with known spounaviruses,
while almost all other phages clustered according to their
taxonomic affiliation (with the exception of the Haemophilus phage
SuMu, that had little similarity to any other bacteriophage, though
it is classified as a Mulikevirus; see Figure S1 and File S1).

With this observation in mind we undertook a similar analysis at
the subfamily level. The results (shown in Figure 4) indicate that
Spounavirinae phages can be divided into two distinct groups. In the
first cluster, all the ICTV-recognized Twortlikeviruses group with
the remaining staphylococcal phages (some unclassified or
described as SPOl-like viruses) and the Fnterococcus phage
phiEF24C. The second contain almost all the analyzed Bacillus
bacteriophages (Bastille, B4, B5S, BCP78, BCU4, BPS13, W.Ph.
and phiAGATE). For the purposes of the study, we coined
provisional names for both clusters: Twort group and Bastille
group, respectively. Surprisingly Bacillus phage SPOL (a type
species of genus Spounalikevirus) was a member of neither. Rather, it
appeared as a distant singleton (compare Figure 4 and File S2).

Further evidence for the distinct status of the proposed clusters
came from the phylogenomic tree based on translated comparison
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of whole phage genomes. We found that viruses from the Twort
and Bastille groups form separate branches with a comparable
distance to phage SPO1 (see Figure 5).

To reconfirm our findings, we generated maximum likelihood
trees based on the sequences of selected protein markers. In all
final trees, distinct branches corresponding to the proposed groups
could be observed (see Figure S2). Moreover, the mean patristic
distance (calculated from branch lengths) between phages from the
Bastille group and SPO1 or the Twort-group viruses exceeded the
greatest in-group distance (see Table S4). Tests of congruence
revealed that all single-marker trees were significantly more similar
than would be expected by chance (I.ong =2.20; P-value of null
hypothesis =9.19¢-09; Table S5). Finally, when we prepared a
condensed tree from all marker sequences, we obtained topology
similar to that observed in the phylogenomic tree (see Figure 6)
and the similarity of these trees was also confirmed by congruence
analysis (Icong = ~2.07, P-value = ~7.08e—08).

Comparative Genomics

The modular organization of all the studied Bastille-group
phages is very similar. Although insertions or deletions occasion-
ally disrupt the gene order, the core modules tend to form large
synthetic blocks arranged in the identical manner in every
analyzed genome. Genes are transcribed in the same direction
in the whole region containing the head and tail morphogenesis
and replication modules. This large cluster of syntenic sequences is
often preceded by another, containing CDSs encoding the large
terminase subunit and endolysin (proximity of these sequences
suggests connection between DNA packaging and lysis of the host
cell), but in some cases these regions are split by several tRNAs
genes (see Figure 7 and Figure 8).
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with BRIG. The central ring is a circular map of the reference genome, in this case genome of phiAGATE. Each further ring represents a genome of
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We found somewhat similar arrangement of core modules in
genomes of the phage Twort and (to a lesser extent) SPOI.
However, in the case of these viruses, the similarity is weaker,
many coding sequences diverged beyond recognition and the
packaging modules appear to be reversed compared to the Bastille
group (compare Figures 7, 8, and Figure S3).

The sequences localized outside the core regions seem to be less
well conserved. While some similarities were observed, they were
often restricted to certain Bastille-group subsets. The phiAGATE
genome contain a large region with an extremely mosaic structure,
in which only a few CDSs share significant similarity with other
known Spounavirinae sequences. Some resemble genes from other,

PLOS ONE | www.plosone.org

mostly unclassified phages (e.g. CDSs for pectin lyase-like protein,
poly-gamma-glutamate hydrolase, or XRE family transcriptional
regulator similar to those of phage phiNIT1), while other seem to
be homologous to bacterial sequences (sometimes from organisms
surprisingly distant from the phage host, such as Haemophilus
paraphrohaemolyticus or Pasteurella pneumotropica). The remaining have
no significant similarity with known sequences.

Discussion

To isolate phages involved in the functioning of an ecosystem
we used a strain known to be abundant in the search site (Bacillus
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pumilus GL1) as a candidate host. The approach turned out to be
successful and a novel phage was discovered.

The virus features a vast genome densely covered by CDSs
(occupying 87.5% of the sequence), only a fraction of which could
be described in terms of putative function. The GC-content of
phage genetic material (41.0%) is similar to that observed in
genomes of B. pumilus (41.3-41.7%) [14], while the genome size,
head diameter, and tail length fall within the ranges specified for
Spounavirinae (127-157 kb, 75-100 nm, and 140-220 nm, respec-
tively) [1]. Together with the presented results, this allows us to
designate phage phiAGATE as a candidate species for this
subfamily.

While affiliation of the virus with the Spounavirinae subfamily
seems clear, there were difficulties in classifying it to the genus.
Regardless of the chosen method, the bacteriophage failed to
cluster with either phage SPO1 or Twort (type species of the only
ICTV-accepted genera within the subfamily). Rather, it formed a
distinct cluster (named the “Bastille group”) or branch of a
phylogenetic tree together with the Bacillus bacteriophages B4,
B5S, Bastille, BCP78, BCU4, BPS13, and W.Ph.

The modular arrangement of the phiAGATE genome appears
typical of the Bastille group. Despite low sequence similarity, the
synteny in the core sections of the analyzed genomes is apparent.
Such a phenomenon has been observed in many groups of phages,
but there remains controversy regarding its explanation. The
order of genes can be retained in mosaic genomes when
recombination events occurring during their evolution are: mainly
legitimate, semi-legitimate (if there are conserved “joints” facili-
tating recombination on the boundaries of genes or modules) or
illegitimate, but most non-homologous recombinants are elimi-
nated by natural selection [84]. In turn, the selective pressure
might be connected with the mechanism of genome packaging
(which is sensitive to changes in the amount of genomic DNA) or
an operon-based mode of transcription. However, the latter
possibility seems unlikely under discussed circumstances; the
syntenic regions are dozens of kb long and the genes of
spounaviruses appear to be transcribed from more than 50
different promoters [7,72]. It is therefore likely that at least several
independent and non-overlapping transcriptional units cover
single syntenic region. If the continuity of operons was the only
factor limiting recombination, rearrangements between units
would not be suppressed. Nevertheless, a hypothesis postulating
that selective pressure retains structure of core sections of genomes
seems to be very compelling, especially assuming that many of
genes in the replication, morphogenesis, and DNA packaging
modules evolved together. This assumption is (at least partially)
supported by the high congruence of phylogenies based on protein
markers derived from these modules. The mosaic evolution
commonly described in phages might be restricted to other areas
of the genome, e.g. regions containing phage homologues of the
bacterial sequences, also known as morons (however, this term is,
in its strictest sense, reserved for DNA elements inserted between a
pair of phage genes when the genes of this same pair are adjacent
in genomes of related bacteriophages [85]). While such genes may
be conserved among certain groups of phages, their functions
cannot usually be explained in terms of the direct need for their
products during the phage replication cycle [86].

The CDS for the phiAGATE PhoH family protein (similar to
bacterial phosphate starvation-related proteins) seems to be a good
example. While many phages carry homologues of PhoH
(including members of the Bastille group, see Figure 6), the
function of these sequences is unknown [87].

Gene cluster containing CDSs for two sigma factors and DNA
translocase might be another example. This region seem to be
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conserved among related Bacillus phages (see Figure 6) [66,88-92]
so, it likely provide some kind of selective advantage. At least two
genes in the cluster have something in common: their products
share significant similarity with proteins involved in sporulation.
Translocase resembles the SpolllE proteins that transport DNA
across the septum during endospore formation [93], while one of
the sigma factors is most similar to the sporulation-related ones
(see Table S3). It is possible that products of these genes somehow
interfere with host control over endospore formation. A similar
phenomenon has previously been observed for phages PMB1 and
PM]J1 (along with a group of undescribed phage isolates infecting
B. pumilus), which were able to restore sporulation ability to
defective mutants during pseudolysogenic infection [35]. Although
the effect could not be explained at the time, similar defective
strains of B. subtilis carry mutations within the gene coding the
polymerase B subunit or a locus known as spoCM-1 (and could
also be converted to spore formers by a phage) [94]. The benefits
to the virus from control of host sporulation remain unclear
(perhaps infected endospores are a means of phage dispersal or
long-term survival).

The genes encoding proteins that resemble known poly-gamma-
glutamate hydrolase and pectin lyase-like proteins also raise a
question about their possible function. Similar CDSs can be found
in the genomes of several Bacillus bacteriophages (such as SPO1,
SP10, and SPP1 [7,95,96]). In the case of the phage phiNIT1, they
form a region arranged in a manner nearly identical to that of
phiAGATE [97]. The hydrolase substrate is probably poly-
gamma-glutamic acid (YPGA), an anionic polymer that forms a
protective capsule around the cells of numerous Bacillus species
and facilitates their adhesion to certain surfaces [97-99]. The
substrate of the pectin lyase-like protein remains unknown,
however, some reports indicate that similar enzymes may disrupt
biofilms by degrading matrix polysaccharides [100,101]. We
therefore hypothesize that both proteins are involved in either
freeing phage progeny from the exopolymeric matrix of the host or
clearing the phage path to the cell surface.

Most bacteriophages in the proposed Bastille group remain
unclassified. Only the phage Bastille has been described as “SPO1-
related” (Klumpp and Loessner, unpublished data) [14]. However,
this assignment has been challenged by group led by Klumpp
himself when they discovered similarities between the Twort and
Bastille phages and included the latter in a cluster of “T'wort-like”
Bacillus bacteriophages (along with W.Ph.) [1].

Here we demonstrate that while the Bastille group is
comparable to the genus Twortlikevirus in terms of diversity and
genetic distance from SPOI, it is a separate evolutionary lineage
that displays limited similarity to other spounaviruses. The
unambiguous classification of Bastille group phages certainly
requires further detailed studies. However, our results suggest that
the current taxonomic arrangement of the Spounavirinae subfamily
may eventually prove to be insufficient, and a revision (perhaps
including a Bastillelikevirus genus) might be seriously considered.

Supporting Information

Figure S1 Results of clustering of Myoviridae phages
based on genome similarity. Edge weights were calculated
from the P values of BLASTn high scoring segment pairs (e-value
cut-off equals le-2) and the resulting network was visualized using
CLANS (10000 layout rounds). Nodes are colored by taxonomic
affiliation (retrieved from the RefSeq records or ICTV Virus
Taxonomy database and explained in the Figure). Studied phages
(Bacillus phages B4, B5S, BCP78, BCU4, BPS13, W.Ph. and
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staphylococcal phage JD007) are additionally marked with yellow
stars. All analyzed sequences are listed in Table S2.

(TIF)

Figure S2 Majority consensus maximum likelihood
trees (250 bootstrap replicates) obtained by analysis of
sequences of different protein markers. Panel A shows tree
based on comparison of DNA polymerases, B — DNA helicases, C
— major capsid proteins, D — portal proteins, E — tail sheath
proteins, and F — terminase large subunits. Leaves are colored by
proposed in-subfamily clustering: blue — Bastille group, green —
Twort group, red — Bacillus phage SPO1. Abbreviations include
name of host taxon (Ba — Bacillus, Bx — Brochothrix, En — Enterococcus,
Lb — Lactobacillus, 1i — Listeria, St — Staphylococcus) and the
bacteriophal'ge name. All analyzed sequences are listed in Table
S1.

(TIF)

Figure S3 Genome comparisons of phage SPO1, phage
Twort, phage Bastille, and other members of the
Bastille group, visualized with BRIG. The central circle of
each comparison represents a reference genome (SPO1 in panel A,
Twort in section B, Bastille in section C). Each further ring
represents a genome of a different phage. Their order and colors
are explained in panel D.

(TIFF)

Table S1 Protein markers and the results of their
BLAST analysis. Sheet 1 includes a description of all marker
protein sequences used in phylogenetic analyses. Sheets 2-8 list 20
top scoring hits obtained for each marker from every analyzed
phage during BLASTp searches against the non-redundant
protein database. The taxonomic position of each BLAST hit is
highlighted by the following colors: green (Spounavirinae), blue
(Myoviruses with no subfamily or genus affiliation), red (Tevenvir-
mnae), light brown (unclassified phages) or yellow (Bacteria).
Records marked with “*” contain ambiguous annotations (in-
record classification: “unclassified ssRNA viruses” inconsistent
with provided literature data) and were marked as unclassified and
excluded from further analyses.

(XLS)

Table S2 List of reference genomic sequences. Section A
includes sequences of the analyzed phages, section B includes
genomes of the remaining spounaviruses, section C comprises a
full list of all other Myoviridae sequences used in the cluster analysis,
while section D lists the references for all genomes. The
abbreviation d.s. (direct submission) indicates that there are no
references available in the record.

(PDF)

Table S3 Complete list of all CDSs predicted in the
phiAGATE genome. Section A shows CDSs with predicted
function, section B lists CDSs with no function assigned that are
similar to other sequences from non-redundant protein database
and section C includes CDSs that don’t share significant similarity

References

1. Klumpp J, Lavigne R, Loessner MJ, Ackermann HW (2010) The SPO1-related
bacteriophages. Arch Virol. 155(10): 1547-61.

2. Lavigne R, Darius P, Summer EJ, Seto D, Mahadevan P, et al. (2009)
Classification of Myoviridae bacteriophages using protein sequence similarity.
BMC Microbiol. 9: 224.

3. Lobocka M, Hejnowicz MS, Dabrowski K, Gozdek A, Kosakowski J, et al.
(2012) Genomics of staphylococcal Twort-like phages—potential therapeutics of
the post-antibiotic era. In: Adv Virus Res. Bacteriophages, Part B. Advances in
Virus Research, 83: 143-216.

PLOS ONE | www.plosone.org

12

Phage phiAGATE and Phylogeny of Spounaviruses

with any known sequences (BLASTp e-value of le-10 was used as
a cut-off).

(PDF)

Table S4 Table of patristic distances between analyzed
spounaviruses and the results of translated comparison
of their genomes. Worksheets 1-7 show patristic distances
(calculated from branch lengths) in trees based on protein marker
analyses. Sheet 8 presents corresponding distances for the
phylogenomic tree. Sheet 9 shows results of translated comparison
(performed with Gegenees) while sheet 10 summarizes all these
data for proposed in-subfamily groups.

(XLS)

Table S5 Results of congruence analysis.
(XLS)

File S1 Resulting file of 3D clustering of Myoviridae
phages performed using the CLANS software package.
The file is compressed in the rar format. After unpacking it may be
opened using CLANS (which can be downloaded from http://
bioinfoserver.rsbs.anu.edu.au/programs/clans; the blast binaries
are not required). The file is fully editable and searchable. The
taxonomic assignment of the nodes can be retrieved using the
Windows/Edit Groups functionality in CLANS. Settings are the
same as described in the legend of Figure S1 (BLASTn as a
comparison algorithm, the e-value cut-off equal to le-2, 10000
layout rounds)

(RAR)

File S2 Resulting file of 3D clustering of Spounavirinae
phages performed using the CLANS software package.
The file is compressed in the rar format. After unpacking it may be
opened using CLANS (which can be downloaded from http://
bioinfoserver.rsbs.anu.edu.au/programs/clans; the blast binaries
are not required). The file is fully editable and searchable. The
taxonomic assignment of the nodes can be retrieved using the
Windows/Edit Groups functionality in CLANS. Settings are the
same as described in legend of Figure 4 (BLASTn as a comparison
algorithm, the e-value cut-off equal to 1E-5, 10000 layout rounds)
(RAR)

Acknowledgments

We would like to thank the Dr Barbara Peplinska (NanoBioMedical
Centre, Adam Mickiewicz University), for help in improving TEM images,
Prof. Lubomira Burchardt, Dr Maciej Gabka (Department of Hydrobiol-
ogy, AMU) and Dr Lukasz Lamentowicz (Evolutionary Biology Labora-
tory, AMU) for providing water samples. Special thanks to Professor Jacek
Dabert (Department of Animal Morphology, AMU), Dr Mirostawa Dabert
(Laboratory of Molecular Biology Techniques, AMU), Dr Anna Czerwo-
niec, and Dr Joanna Kasprzak (Vitainsilica, LCC) for helpful discussions.

Author Contributions

Conceived and designed the experiments: JB GN AG]J. Performed the
experiments: JB GN. Analyzed the data: JB GN. Contributed reagents/
materials/analysis tools: JB AGJ. Wrote the paper: JB GN AG]J.

4. Uchiyama J, Rashel M, Maeda Y, Takemura I, Sugihara S, et al. (2008)
Isolation and characterization of a novel Enterococcus faecalis bacteriophage
phiEF24C as a therapeutic candidate. FEMS Microbiol Lett. 278.

5. Cregg JM, Stewart CR (1978) Terminal redundancy of “high frequency of
recombination” markers of Bacillus subtilis phage SPO1. Virology. 86.

6. Casjens SR, Gilcrease EB (2009) Determining DNA packaging strategy by
analysis of the termini of the chromosomes in tailed-bacteriophage virions.
Methods Mol Biol. 502: 91-111.

January 2014 | Volume 9 | Issue 1 | 86632



23.

24.

25.

26.

27.

28.

29.

31.

32.

33.

34.

35.

. Stewart CR, Casjens SR, Cresawn SG, Houtz JM, Smith AL, et al. (2009) The

genome of Bacillus subtilis bacteriophage SPO1. J Mol Biol. Apr 24; 388(1):
48-70.

. Kwan T, Liu J, DuBow M, Gros P, Pelletier J (2005) The complete genomes

and proteomes of 27 Staphylococcus aureus bacteriophages. Proc Natl Acad
Sci USA. Apr 5; 102(14): 5174-9.

. Klumpp J, Dorscht J, Lurz R, Bielmann R, Wieland M, et al. (2008) The

terminally redundant, nonpermuted genome of Listeria bacteriophage A511: a
model for the SPOI-like myoviruses of gram-positive bacteria. J Bacteriol.

190(17): 5753-65.

. Chibani-Chennoufi S, Dillmann ML, Marvin-Guy L, Rami-Shojaei S, Briissow

H (2004) Lactobacillus plantarum bacteriophage LP65: a new member of the
SPO1-like genus of the family Myoviridae,J Bacteriol. 186.

. Uchiyama J, Rashel M, Takemura I, Wakiguchi H, Matsuzaki S (2008) In silico

and in vivo evaluation of bacteriophage phiEF24C, a candidate for treatment
of Enterococcus faecalis infections. Appl Environ Microbiol. 74(13): 4149-63.

. King AMQ, Adams M]J, Carstens EB, Lefkowitz EJ (2011) Virus taxonomy.

Ninth Report of the International Committee on Taxonomy of Viruses.
Elsevier Academic Press, London.

. Adams MJ, King AM, Carstens EB (2013) Ratification vote on taxonomic

proposals to the International Committee on Taxonomy of Viruses.

. Sayers EW, Barrett T, Benson DA, Bolton E, Bryant SH, et al. (2012) Database

resources of the National Center for Biotechnology Information. Nucleic Acids
Res. 40 (Database issue): D13-25.

. Vos PD, Garrity G, Jones D, Krieg NR, Ludwig W, et al. (2009). Bergey’s

Manual of Systematic Bacteriology, 2nd ed, Volume 3: The Firmicutes. New
York: Springer. 114 p.

. Hill JE, Baiano JC, Barnes AC (2009) Isolation of a novel strain of Bacillus

pumilus from penaeid shrimp that is inhibitory against marine pathogens. J
Fish Dis. 32(12): 1007-16.

. Venkateswaran K, Satomi M, Chung S, Kern R, Koukol R, et al. (2001)

Molecular microbial diversity of a spacecraft assembly facility. Syst Appl
Microbiol. 24.

. Hernandez JP, de-Bashan LE, Rodriguez DJ, Rodriguez Y, Bashan Y (2009)

Growth promotion of the freshwater microalga Chlorella vulgaris by the
nitrogen-fixing, plant growth-promoting bacterium Bacillus pumilus from arid
zone soils. Eur. J. Soil Biol. 45(1): 88-93.

. Xie G, Su B, Cui Z (1998) Isolation and identification of N2-fixing strains of

Bacillus in rice rhizosphere of the Yangtze River Valley (Article in Chinese).
Wei Sheng Wu Xue Bao. 38(6): 480-3.

. De Souza MJ, Nair S, Chandramohan D (2000) Phosphate solubilizing bacteria

around Indian peninsula. Indian J Mar Sci. 29(1): 48-51.

. Satyanarayana T, Johri BN, Prakash A (2012) Microorganisms in Sustainable

Agriculture and Biotechnology. Dordrecht: Springer. 5 p.

. Maheshwari DK (2010) Plant Growth and Health Promoting Bacteria.

Heidelberg: Springer-Verlag. 7, 51, 52, 66, 336, 340, 344, 345, 348, 349, 353 p.
Joo GJ, Kim YM, Lee IJ, Song KS, Rhee IK (2004) Growth promotion of red
pepper plug seedlings and the production of gibberellins by Bacillus cereus,
Bacillus macroides and Bacillus pumilus. Biotechnol Lett. 26(6): 487-91.
Galal AA, El-Bana AA, Janse J (2006) Bacillus pumilus, a new pathogen on
mango plants. Egypt J Phytopathol. 34(1): 17-29.

Wang HY, Liu DM, Liu Y, Cheng CF, Ma QY, et al. (2007) Screening and
mutagenesis of a novel Bacillus pumilus strain producing alkaline protease for
dehairing. Lett Appl Microbiol. 44(1): 1-6.

Jaouadi NZ, Jaouadi B, Aghajari N, Bejar S (2012) The overexpression of the
SAPB of Bacillus pumilus CBS and mutated sapB-L311/T33S/N99Y alkaline
proteases in Bacillus subtilis DB430: new attractive properties for the mutant
enzyme. Bioresour Technol. 105: 142-51.

Nagar S, Gupta VK, Kumar D, Kumar L, Kuhad RC (2010) Production and
optimization of cellulase-free, alkali-stable xylanase by Bacillus pumilus SV-85S
in submerged fermentation. J Ind Microbiol Biotechnol. 37(1): 71-83.

Kaur A, Mahajan R, Singh A, Garg G, Sharma J (2010) Application of
cellulase-free xylano-pectinolytic enzymes from the same bacterial isolate in
biobleaching of kraft pulp. Bioresour Technol. 101.

Aunpad R, Na-Bangchang K (2007) Pumilicin 4, a novel bacteriocin with anti-
MRSA and anti-VRE activity produced by newly isolated bacteria Bacillus
pumilus strain WAPB4. Curr Microbiol. 55(4): 308-13.

. Nithya C, Aravindraja C, Pandian SK (2010) Bacillus pumilus of Palk Bay

origin inhibits quorum-sensing-mediated virulence factors in Gram-negative
bacteria. Res Microbiol. 161(4): 293-304.

Nithya C, Devi MG, Karutha Pandian S (2011) A novel compound from the
marine bacterium Bacillus pumilus S6-15 inhibits biofilm formation in Gram-
positive and Gram-negative species. Biofouling. 27(5): 519-28.

Tena D, Martinez-Torres JA, Perez-Pomata MT, Saez-Nieto JA, Rubio V, et
al. (2007) Cutancous infection due to Bacillus pumilus: report of 3 cases. Clin
Infect Dis. 44(4).

From C, Hormazabal V, Granum PE (2007) Food poisoning associated with
pumilacidin-producing Bacillus pumilus in rice. Int J Food Microbiol. 115(3):
319-24.

Mobberley J, Authement RN, Segall AM, Edwards RA, Slepecky RA, et al.
(2010) Lysogeny and sporulation in Bacillus isolates from the Gulf of Mexico.
Appl Environ Microbiol. 76(3): 829-42.

Keggins KM, Nauman RK, Lovett PS (1978) Sporulation-converting
bacteriophages for Bacillus pumilus. J Virol. 27(3): 819-22.

PLOS ONE | www.plosone.org

13

36.

37.

38.

39.

40.

41.

42.

44.

45.

46.

47.

48.

49.

50.

51,

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

Phage phiAGATE and Phylogeny of Spounaviruses

Lovett PS, Bramucci D, Bramucci MG, Burdick BD (1974) Some properties of
the PBP1 transduction system in Bacillus pumilus. J Virol. 13(1): 81—4.
Meijer W], Horcajadas JA, Salas M (2001) Phi29 family of phages. Microbiol
Mol Biol Rev. 65.

Imai K (1969) Characterization of two bacteriophages for Bacillus pumilus.
The virulent phage 31 and the temperate phage NP-5. IFO Res. Commun. 14:
5.

Weisburg WG, Barns SM, Pelletier DA, Lane DJ (1991) 16S ribosomal DNA
amplification for phylogenetic study. J Bacteriol. 173.

Edwards U, Rogall T, Blocker H, Emde M, Bottger EC (1989) Isolation and
direct complete nucleotide determination of entire genes. Characterization of a
gene coding for 16S ribosomal RNA. Nucleic Acids Res. 17.

Turner S, Pryer KM, Miao VP, Palmer JD (1999) Investigating deep
phylogenetic relationships among cyanobacteria and plastids by small subunit
rRNA sequence analysis. ] Eukaryot Microbiol. 46(4): 327-38.

Logan NA, Berkeley RC (1984) Identification of Bacillus strains using the API
system. J Gen Microbiol. 130(7): 1871-82.

. Perkins DN, Pappin DJ, Creasy DM, Cottrell JS (1999) Probability-based

protein identification by searching sequence databases using mass spectrometry
data. Electrophoresis. 20(18): 3551-67.

Budinoff CR, Loar SN, LeCleir GR, Wilhelm SW, Buchan A (2011) A protocol
for enumeration of aquatic viruses by epifluorescence microscopy using
Anodisc™" 18 membranes. BMC Microbiol. 11: 168.

Sillankorva S, Neubauer P, Azeredo J (2008) Isolation and characterization of a
T7-like lytic phage for Pseudomonas fluorescens. BMC Biotechnol. 8: 80.
Barry GT, Goebel WF (1951) The effect of chemical and physical agents on the
phage receptor of Phase II Shigella sonnei. J Exp Med. 94(5): 387-400.
Lukashin AV, Borodovsky M (1998) GeneMark.hmm: new solutions for gene
finding. Nucleic Acids Res. 26(4): 1107-15.

Delcher AL, Bratke KA, Powers EC, Salzberg SL (2007) Identifying bacterial
genes and endosymbiont DNA with Glimmer. Bioinformatics. 23(6): 673-9.
Solovyev VV, Salamov AA (1999) INFOGENE: a database of known gene
structures and predicted genes and proteins in sequences of genome sequencing
projects. Nucleic Acids Res. 27(1): 248-50.

Aziz RK, Bartels D, Best AA, DeJongh M, Disz T, et al. (2008) The RAST
Server: rapid annotations using subsystems technology. BMC Genomics. 9: 75.
Zdobnov EM, Apweiler R (2001) InterProScan—an integration platform for the
signature-recognition methods in InterPro. Bioinformatics. 17(9): 847-8.
Biomatters Ltd. (2012) Geneious 6.0.5. Available: http://www.geneious.com/.
Accessed 01.01.2013.

Altschul SF, Madden TL, Schiiffer AA, Zhang ], Zhang Z, et al. (1997) Gapped
BLAST and PSI-BLAST: a new generation of protein database search
programs. Nucleic Acids Res. 25(17): 3389-402.

Hawkins T, Luban S, Kihara D (2006) Enhanced automated function
prediction using distantly related sequences and contextual association by
PFP. Protein Sci. 5(6): 1550-6.

Chitale M, Hawkins T, Park C, Kihara D (2009) ESG: extended similarity
group method for automated protein function prediction. Bioinformatics. 5(14):
1739-45.

Conesa A, Gotz S, Garcia-Gomez JM, Terol J, Talon M, et al. (2005)
Blast2GO: a universal tool for annotation, visualization and analysis in
functional genomics research. Bioinformatics. 21(18): 3674-6.

Schattner P, Brooks AN, Lowe TM (2005) The tRNAscan-SE, snoscan and
snoGPS web servers for the detection of tRNAs and snoRNAs. Nucleic Acids
Res. 33(Web Server issue).

Mayer C (2010) Phobos 3.3.11, a Tandem Repeat Search Tool for Complete
Genomes. http://www.rub.de/spezzoo/cm/cm_phobos.htm. Accessed
01.01.2013.

Comeau AM, Tremblay D, Moineau S, Rattei T, Kushkina Al, et al. (2012)
Phage morphology recapitulates phylogeny: the comparative genomics of a
new group of myoviruses. PLoS One. 7(7): e40102.

Sullivan MB, Coleman ML, Quinlivan V, Rosenkrantz JE, Defrancesco AS, et
al. (2008) Portal protein diversity and phage ecology. Environ Microbiol.
10(10): 2810-23.

Tétart F, Desplats C, Kutateladze M, Monod C, Ackermann HW, et al. (2001)
Phylogeny of the major head and tail genes of the wide-ranging T4-type
bacteriophages.] Bacteriol. 183(1): 358-66.

Sabehi G, Shaulov L, Silver DH, Yanai I, Harel A, et al. (2012) A novel lineage
of myoviruses infecting cyanobacteria is widespread in the oceans.Proc Natl
Acad Sci USA. 109(6): 2037-42.

Intriguing phylogenetic arrangement of tailed bacteriophages based on putative
DNA polymerasesequences.

Frickey T, Lupas A (2004) CLANS: a Java application for visualizing protein
families based on pairwise similarity. Bioinformatics. 20(18): 3702—4.
Drulis-Kawa Z, Mackiewicz P, Kesik-Szeloch A, Maciaszczyk-Dziubinska E,
Weber-Dabrowska B, et al. (2011) Isolation and characterisation of KP34—a
novel §KMV-like bacteriophage for Klebsiella pneumoniae. Appl Microbiol
Biotechnol. 90(4): 1333-45.

Lee JH, Shin H, Son B, Ryu S (2012) Complete Genome Sequence of Bacillus
cereus Bacteriophage BCP78] Virol 86 (1): 637-638.

Park J, Yun J, Lim JA, Kang DH, Ryu S (2012) Characterization of an
endolysin, LysBPS13, from a Bacillus cereus bacteriophage FEMS Microbiol
Lett 332 (1): 76-83.

January 2014 | Volume 9 | Issue 1 | 86632



68.

71.

72.

73.

74.

79.

80.

81.

82.

83.

84.

85.

Cui Z, Song Z, Wang Y, Zeng L, Shen W, et al. (2012) Complete Genome
Sequence of Wide-Host-Range Staphylococcus aureus Phage JD007]J. Virol.
86.

. Kilcher S, Loessner MJ, Klumpp J (2010) Brochothrix thermosphacta

bacteriophages feature heterogeneous and highly mosaic genomes and utilize
unique prophage insertion sites]. Bacteriol. 192.

. Carlton RM, Noordman WH, Biswas B, de Meester ED, Loessner MJ (2005)

Bacteriophage P100 for control of Listeria monocytogenes in foods: genome
sequence, bioinformatic analyses, oral toxicity study, and applicationRegul.
Toxicol. Pharmacol. 43 (3): 301-312.

Gu J, Liu X, Lu R, Li Y, Song J, et al. (2012) Complete Genome Sequence of
Staphylococcus aureus Bacteriophage GH15]J. Virol. 86 (16): 8914-8915.
Vandersteegen K, Mattheus W, Ceyssens PJ, Bilocq F, De Vos D, et al. (2011)
Microbiological and Molecular Assessment of Bacteriophage ISP for the
Control of Staphylococcus aureusPLoS ONE 6 (9): E24418.

O’Flaherty S, Coffey A, Edwards R, Meaney W, Fitzgerald GF, et al. (2004)
Genome of staphylococcal phage K: a new lineage of Myoviridae infecting
gram-positive bacteria with a low G+C content]. Bacteriol. 186 (9): 2862-2871.
Leila K, Nana B, Tamila M, Ekaterine T, Natia S, et al. (2011) Evaluation of
Iytic activity of staphylococcal bacteriophage Sb-1 against freshly isolated
clinical pathogensMicrob Biotechnol. 4(5): 643-50.

. Agren J, Sundstrom A, Hafstrom T, Segerman B (2012) Gegenees: fragmented

alignment of multiple genomes for determining phylogenomic distances and
genetic signatures unique for specified target groups. PLoS One. 7(6): €¢39107.

. Huson DH, Bryant D (2006) Application of phylogenetic networks in

evolutionary studies. Mol Biol Evol. 23.

. Soares SC, Silva A, Trost E, Blom J, Ramos R, et al. (2013) The pan-genome

of the animal pathogen Corynebacterium pseudotuberculosis reveals differ-
ences in genome plasticity between the biovar ovis and equi strains. PLoS One.
8(1): €53818.

. Guindon S, Dufayard JF, Lefort V, Anisimova M, Hordijk W, et al. (2010) New

algorithms and methods to estimate maximume-likelihood phylogenies: assessing
the performance of PhyML 3.0. Syst Biol. 59(3): 307-21.

Edgar RC (2004) MUSCLE: multiple sequence alignment with high accuracy
and high throughput. Nucleic Acids Res. 32(5): 1792-7.

Darriba D, Taboada GL, Doallo R, Posada D (2011) ProtTest 3: fast selection
of best-fit models of protein evolution. Bioinformatics. 27: 1164-1165,

de Vienne DM, Giraud T, Martin OC (200)7. A Congruence Index for Testing
Topological Similarity between Trees. Bioinformatics. 23.

Alikhan NF, Petty NK, Ben Zakour NL, Beatson SA (2011) BLAST Ring
Image Generator (BRIG): simple prokaryote genome comparisons. BMC
Genomics. 12: 402.

Darling AE, Mau B, Perna NT (2010) progressiveMauve: multiple genome
alignment with gene gain, loss and rearrangement. PLoS One. 5(6): el1147.
Hendrix RW (2002) Bacteriophages: evolution of the majority. Theor Popul
Biol. 61(4): 471-80.

American Society for Microbiology (2005) A Glossary defining some terms for
bacteriophage biology. http://archive.asm.org/division/m/blurbs/glossary/
lexicon.html Accessed 18.01.2013.

PLOS ONE | www.plosone.org

14

86.
87.

88.

89.

90.

91.

92.

94.

95.

96.

97.

98.

99.

100.

101.

Phage phiAGATE and Phylogeny of Spounaviruses

Serwer P (2007) Evolution and the complexity of bacteriophages. Virol J. 4: 30.
Goldsmith DB, Crosti G, Dwivedi B, McDaniel LD, Varsani A, et al. (2011)
Development of phoH as a novel signature gene for assessing marine phage
diversity. Appl Environ Microbiol. 77.

Yuan Y, Gao M, Wu D, Liu P, Wu Y (2012) Genome characteristics of a novel
phage from Bacillus thuringiensis showing high similarity with phage from
Bacillus cereus. PLoS One. 7(5): €37557.

Swanson MM, Reavy B, Makarova KS, Cock P], Hopkins DW, et al. (2012)
Novel bacteriophages containing a genome of another bacteriophage within
their genomes. PLoS One. 7(7): ¢40683.

Fouts DE, Rasko DA, Cer RZ, Jiang L, Fedorova NB, et al. (2006) Sequencing
Bacillus anthracis typing phages gamma and cherry reveals a common
ancestry. J Bacteriol. 188(9): 3402-8.

Schuch R, Fischett VA (2006) Detailed genomic analysis of the Wheta and
gamma phages infecting Bacillus anthracis: implications for evolution of
environmental fitness and antibiotic resistance. J Bacteriol. 188(8): 3037-51.
Minakhin L, Semenova E, Liu J, Vasilov A, Severinova E, et al. (2005) Genome
sequence and gene expression of Bacillus anthracis bacteriophage Fah. J Mol

Biol. 354(1): 1-15.

. Burton BM, Marquis KA, Sullivan NL, Rapoport TA, Rudner DZ (2007) The

ATPase SpollIE transports DNA across fused septal membranes during
sporulation in Bacillus subtilis. Cell. 131(7): 1301-12.

Bramucci MG, Keggins KM, Lovett PS (1977) Bacteriophage PMBI2
conversion of the sporulation defect in RNA polymerase mutants of Bacillus
subtilis. J Virol. 24(1): 194-200.

Yee LM, Matsumoto T, Yano K, Matsuoka S, Sadaie Y, et al. (2011) The
genome of Bacillus subtilis phage SP10: a comparative analysis with phage
SPOL. Biosci Biotechnol Biochem. 75(5): 944-52.

Alonso JC, Liider G, Stiege AC, Chai S, Weise F, et al. (1997) The complete
nucleotide sequence and functional organization of Bacillus subtilis bacterio-
phage SPP1. Gene. 204(1-2): 201-12.

Kimura K, Itoh Y (2003) Characterization of poly-gamma-glutamate hydrolase
encoded by a bacteriophage genome: possible role in phage infection of Bacillus
subtilis encapsulated with poly-gamma-glutamate. Appl Environ Microbiol.
69(5): 2491-7.

Candela T, Fouet A (2006) Poly-gamma-glutamate in bacteria. Mol Microbiol.
60(5): 1091-8.

Marvasi M, Visscher PT, Casillas Martinez L (2010) Exopolymeric substances
(EPS) from Bacillus subtilis: polymers and genes encoding their synthesis.
FEMS Microbiol Lett. 313(1): 1-9.

Thompson JE, Pourhossein M, Waterhouse A, Hudson T, Goldrick M, et al.
(2010) The K5 lyase KfIA combines a viral tail spike structure with a bacterial
polysaccharide lyase mechanism. J Biol Chem. 285(31): 23963-9.

Gutiérrez D, Martinez B, Rodriguez A, Garcia P (2012) Genomic
characterization of two Staphylococcus epidermidis bacteriophages with anti-
biofilm potential. BMC Genomics. 13: 228.

January 2014 | Volume 9 | Issue 1 | 86632



