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ABSTRACT This is the first report on a myophage that infects Arthrobacter. A novel
virus, vB_ArtM-ArV1 (ArV1), was isolated from soil using Arthrobacter sp. strain 68b
for phage propagation. Transmission electron microscopy showed its resemblance to
members of the family Myoviridae: ArV1 has an isometric head (~74 nm in diameter)
and a contractile, nonflexible tail (~192 nm). Phylogenetic and comparative se-
quence analyses, however, revealed that ArV1 has more genes in common with
phages from the family Siphoviridae than it does with any myovirus characterized to
date. The genome of ArV1 is a linear, circularly permuted, double-stranded DNA
molecule (71,200 bp) with a GC content of 61.6%. The genome includes 101 open
reading frames (ORFs) yet contains no tRNA genes. More than 50% of ArV1 genes
encode unique proteins that either have no reliable identity to database entries or
have homologues only in Arthrobacter phages, both sipho- and myoviruses. Using
bioinformatics approaches, 13 ArV1 structural genes were identified, including those
coding for head, tail, tail fiber, and baseplate proteins. A further 6 ArV1 ORFs were
annotated as encoding putative structural proteins based on the results of pro-
teomic analysis. Phylogenetic analysis based on the alignment of four conserved vi-
rion proteins revealed that Arthrobacter myophages form a discrete clade that seems
to occupy a position somewhat intermediate between myo- and siphoviruses. Thus,
the data presented here will help to advance our understanding of genetic diversity
and evolution of phages that constitute the order Caudovirales.

IMPORTANCE Bacteriophages, which likely originated in the early Precambrian Era,
represent the most numerous population on the planet. Approximately 95% of
known phages are tailed viruses that comprise three families: Podoviridae (with short
tails), Siphoviridae (with long noncontractile tails), and Myoviridae (with contractile
tails). Based on the current hypothesis, myophages, which may have evolved from
siphophages, are thought to have first emerged among Gram-negative bacteria,
whereas they emerged only later among Gram-positive bacteria. The results of the
molecular characterization of myophage vB_ArtM-ArV1 presented here conform to
the aforementioned hypothesis, since, at a glance, bacteriophage vB_ArtM-ArV1
appears to be a siphovirus that possesses a seemingly functional contractile tail.
Our work demonstrates that such “chimeric” myophages are of cosmopolitan na-
ture and are likely characteristic of the ecologically important soil bacterial ge-
nus Arthrobacter.

KEYWORDS Arthrobacter, Myoviridae, Siphoviridae, bacterial viruses, bacteriophage
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trains of the Gram-positive bacterial genus Arthrobacter are widely distributed in

the environment, especially in soil, and have been found to be among the pre-
dominant members of culturable aerobic soil bacteria (1, 2). The prevalence of Arthro-
bacter strains is likely due to their nutritional versatility as well as their pronounced
resistance to desiccation, long-term starvation, and environmental stress (2, 3). While
quite a number of strains of the genus Arthrobacter have been the subject of extensive
studies (4-8), relatively little is known about their predators in nature, i.e., bacterio-
phages (phages).

Bacteriophages not only are extremely diverse but also are ubiquitous in the
biosphere (9). They play a key role in microbial ecology (9, 10) and even have been
suggested to be a driving force in maintaining genetic diversity of the bacterial
community (9-12). Based on the classification system approved by the International
Committee on Taxonomy of Viruses (ICTV), phages are classified according to their core
genetic material and virion morphology. More than 95% of known phages are double-
stranded DNA (dsDNA)-containing tailed viruses that comprise the order Caudovirales
(13). On the basis of tail morphology, members of the Caudovirales are further subdi-
vided into three families: Podoviridae (with short noncontractile tails), Siphoviridae (with
long noncontractile tails), and Myoviridae (with long contractile tails) (14). With the
advent of next-generation sequencing and molecular biology, it has become increas-
ingly evident that the current phage classification system, which does not reflect
genomic and proteomic data, is in need of revision, since some phages (e.g., podovirus
P22 and siphovirus lambda), while having closely related genomes, are separated into
different families based on the tail morphology alone (15). Since it is thought that tailed
phages originated in the early Precambrian Era and very likely evolved from a common
ancestor (16), more and more such “unrelated and yet related” bacterial viruses will
likely be sequenced and/or isolated in the future.

The phage population represents a vast reservoir of unexplored genetic diversity.
Therefore, unsurprisingly, the number of publications on phage genomics is growing
rapidly, and so is the number of new phage genome sequences in GenBank, which
already contains more than 3,000 tailed phage genomes. In the case of Arthrobacter
phages, however, the situation is rather different. As summarized in reference 17, the
majority of reports about this particular group of bacterial viruses (podoviruses and
siphoviruses exclusively) were published more than 30 years ago and focused mostly
on the isolation and/or partial characterization of bacteriophages active on laboratory
strains or soil isolates of Arthrobacter. With the exception of two podoviruses, AN25S-1
and AN29-R-2 (18), all Arthrobacter phages described to date belong to the family
Siphoviridae (17). As mentioned above, bacteria of the genus Arthrobacter are ubiqui-
tous in soil environments (19). However, the first Arthrobacter phage genome, that of
siphovirus vB_ArtM-ArV2 (ArV2), became available in the GenBank nucleotide sequence
database and was published only in 2014 (17). Bacteriophages ArV2 and vB_ArtM-ArV1,
a myovirus described in this study, were isolated from soil in Lithuania. The annotated
genome sequence of the latter phage was deposited in the NCBI database in 2014.
Since then, 42 Arthrobacter siphoviruses joined ArV2 and vB_ArtM-ArV1 in GenBank,
followed by 8 Myoviridae genomes (those of phages Galaxy [accession no. KU160644],
PrincessTrina [KU160660], TaeYoung [KU160668], Martha [KU160656], Jawnski [KU160651],
Brent [KT365401], Sonny [KU160665], and [BarretLemon KU647629]). Nevertheless, at
the time of this writing, siphovirus ArV2 remains the only Arthrobacter phage whose
morphology and molecular characteristics have been published thus far.

In this study, we report the isolation and characterization of the Arthrobacter
species-infecting myovirus vB_ArtM-ArV1, subsequently referred to by its shorter com-
mon laboratory name, ArV1. Morphological characterization of ArV1 places this phage
in the family Myoviridae. Comparative genome sequence analysis, however, indicates
that ArV1 has more in common with siphoviruses than it does with any well-known
myovirus. Given that this is the first report on the molecular characterization of
Arthrobacter myoviruses, the results presented here not only offer a glimpse into the
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FIG 1 Electron micrographs of Arthrobacter phage ArV1. (A) CsCl-purified ArV1 virions. (B and C) ArV2
particle with contracted (left panels) and extended (right panels) tails. (D) ArV1 tail with contracted (top)
and extended (D) tail sheath.

biology of this particular group of bacterial viruses but also provide new insights into
the evolutionary relationships between different phage families.

RESULTS

Virion morphology. Transmission electron microscopy (TEM) observations of ArV1
(Fig. 1) revealed a particle that fits the A1 morphotype in Bradley’s classification (20).
Based on morphological characteristics, phage ArV1 belongs to the family Myoviridae
and is characterized by an isometric head (diameter, 74.13 = 5.7 nm [n = 30]) and a
contractile tail (191.82 = 11.4 nm in length [n = 40] and 18.94 = 7.6 nm in width [n =
16]). Notably, the TEM analysis revealed a rather unusual mode of ArV1 tail sheath
contraction. As seen in Fig. 1, the contracted tail sheath could take different positions
with respect to the nucleocapsid: closer to the phage head (Fig. 1C) or at the distal part
of the tail (Fig. 1B). Also, although neither the base plate nor the tail fibers were clearly
visible by TEM, the genes coding for the base plate and tail fiber components had been
detected by bioinformatics approaches and/or by proteomics analysis (see below).

Host range and physiological characteristics. To determine the optimal condi-
tions for phage propagation and further phage experiments, the effect of temperature
on the efficiency of plating (EOP) was investigated. The EOP of ArV1 was examined in
the temperature range of 18 to 37°C, and the test revealed that the phage has an
optimum temperature for plating of around 28°C. Notably, despite varying the host
strain, the temperature, or the concentration of the soft agar, plaques produced by
ArV1 (Fig. 2) were not uniform in size and varied from 0.1 to 0.5 mm in diameter. As
observed with other soilborne phages (13, 17, 21), bacteriophage ArV1 failed to
reproduce after inoculation into liquid bacterial culture; therefore, the one-step growth
experiment was not performed.

In total, 51 bacterial strains (Table 1) were used to determine the host range of ArV1.
Phage ArV1 was capable of infecting 6 phylogenetically related Arthrobacter species
strains out of 32 used during this experiment. Also, 19 bacteria other than Arthrobacter
were subjected to plaque assay yet found to be resistant to this phage, suggesting that
the host range of ArV1 is limited to Arthrobacter only.

Overview of the phage ArV1 genome. Phage ArV1 has a linear dsDNA genome
consisting of 71,200 bp with a G+C content of 61.6%, which is similar to that observed
for Arthrobacter (22). The results of PCR and restriction-digestion analyses (data not

April 2017 Volume 91 Issue 8 €00023-17

Journal of Virology

jviasm.org 3


http://jvi.asm.org

Kaliniene et al.

FIG 2 Plaques formed by ArV1 on a lawn of Arthrobacter sp. strain 68b after 2 days (48 h) of incubation
at 28°C.

shown) revealed that the ArV1 genome is a circularly permuted molecule. As is the case
with other tailed dsDNA phages (23), the genome of ArV1 is extremely compact, with
~95% of the DNA sequence representing coding sequences. The genome sequence
analysis revealed that ArV1 has a total of 101 probable protein-encoding genes (with an
average size of 679 bp) and no genes for tRNA (Fig. 3). Also, there is a marked
asymmetry in the distribution of the genes on the two DNA strands. In total, 97 ArV1
open reading frames (ORFs) have been predicted to be transcribed from the same DNA
strand, and only 4 ORFs have been found on the opposite strand.

The results of BLASTP analysis revealed that 44% of ArV1 genes encode unique
proteins that either have no reliable identity (E values of =0.0001) to database entries
(9 ORFs) or have homologues in bacteriophage PrincessTrina only (35 ORFs). In addi-
tion, 15 ArV1 ORFs encode proteins whose homologues are found exclusively in
Arthrobacter phages (both sipho- and myoviruses) and bacteria. Using bioinformatics
approaches, a putative function was assigned to 30 ArV1 ORFs, including 13 genes
coding for virion morphogenesis-related proteins, as well as 15 genes associated with
DNA metabolism and packaging. None of the predicted ArV1 proteins showed se-
quence homology with antibiotic resistance determinants, virulence factors, or in-
tegration-related proteins.

Structural proteins. Using bioinformatics approaches, 13 ArV1 structural genes
were identified, including those coding for head (ORF02, ORF08, and ORF09), tail
(ORF15, ORF16, and ORF18), tail fiber (ORF22, ORF23, and ORF25), and baseplate
(ORF19, ORF20, ORF32, and ORF33) proteins, as well as 3 ORFs coding for virion
morphogenesis-related proteins, namely, ORF12 (Phage_tail_S superfamily tail comple-
tion protein, pfam05069), ORF03 (putative capsid maturation protease), and ORF07
(Mu-like_Pro superfamily protein, cI19864). A further 6 ArV1 ORFs were annotated as
putative structural proteins based on the results of proteomic analysis (Table 2).
Therefore, in total, 22 ArV1 gene products were assigned as proteins involved in
packaging, structure, and morphogenesis.

As was observed with other myoviruses (24), three ArV1 gene products, the major
head (gp09), tail sheath (gp15), and tail tube (gp16) proteins, are the main building
blocks of the ArV1 virion (Fig. 4). A BLASTP search against the nonredundant NCBI
protein database revealed that the gene product of ArV1 ORF09 exhibits similarity to
the major capsid proteins of Gordonia, Mycobacterium, and Bacillus siphoviruses and
has recognizable homologues in only five, as yet unpublished, myoviruses, namely,
Arthrobacter phages PrincessTrina, Brent, Jawnski, BarretLemon, and Martha. ArV1 gp15,
which has been predicted to belong to the phage tail sheath protein family
(pfam04984), shows similarity to homologous proteins in seven Arthrobacter-infecting
myoviruses yet also has a homologue in Gordonia siphovirus GMA6 (25). Also, HHPred
showed that ArV1 gp15 is homologous to the sheath proteins of Escherichia coli phage
T4 (HHPred probability, 100%; E value, 1.2e—50) and R-type pyocin from Pseudomonas
aeruginosa (HHPred probability, 100%; E value, 1.2e—44). The putative tail tube protein
ArV1 gp16 has no homology to known tail tube proteins; however, it shares 33% amino
acid (aa) sequence identity (E value, 1e—26) with the putative major tail protein
GMAG6_30 (gb|AKL88311.1]), which belongs to a T4-like virus tail tube protein family
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TABLE 1 Bacterial strains used in this study

Journal of Virology

Strain or species?

Relevant characteristics

Source or reference

Acinetobacter baumannii 46

Acinetobacter gen. sp. 13 23

Arthrobacter alkaliphilus DSM 23368
Arthrobacter aurescens DSM 20116
Arthrobacter chlorophenolicus DSM 12829
Arthrobacter citreus DSM 20133
Arthrobacter crystallopoetes DSM 20117
Arthrobacter defluvii DSM 18782
Arthrobacter gandavensis DSM 15046
Arthrobacter globiformis DSM 20124
Arthrobacter histidinolovorans DSM 20115
Arthrobacter ilicis DSM 20138
Arthrobacter koreensis DSM 16760
Arthrobacter luteolus DSM 13067
Arthrobacter methylotrophus DSM 14008
Arthrobacter nicotinovorans DSM 420
Arthrobacter nitroguajacolicus DSM 15232
Arthrobacter oxydans DSM 20119
Arthrobacter sp. strain 68b DSM 103156
Arthrobacter sp. strain 68 m
Arthrobacter sp. strain 83b

Arthrobacter sp. strain 85

Arthrobacter sp. strain 94

Arthrobacter sp. strain 96

Type strain
Type strain
Type strain
Type strain
Type strain
Type strain
Type strain
Type strain
Type strain
Type strain
Type strain
Type strain
Type strain
Type strain
Type strain
Type strain
Environmental isolate
Environmental isolate
Environmental isolate
Environmental isolate
Environmental isolate
Environmental isolate

Environmental isolate
Environmental isolate
Environmental isolate
Environmental isolate
Environmental isolate
Environmental isolate
Environmental isolate

Arthrobacter sp. strain 25DMP1

Arthrobacter sp. strain 25DOT1

Arthrobacter sp. strain IN13

Arthrobacter sp. strain PY11

Arthrobacter sp. strain PY21

Arthrobacter sp. strain PY22

Arthrobacter sp. strain PRH1

Arthrobacter sp. strain VM22 Environmental isolate

Arthrobacter sp. strain VP3 Environmental isolate

Arthrobacter ureafaciens DSM 20126 Type strain

Citrobacter freundii

Enterobacter cloacae

Erwinia carotovora 8982

Escherichia coli B® sup®

Escherichia coli BL21(DE3) F~ dcm ompT hsdS(rg~ mg~) gal A(DE3)

Escherichia coli DH5« F~ endA1 gInV44 thi-1 recAl relA1 gyrA96 deoR nupG ¢$80dlacZAM15
A(lacZYA-argF)U169 hsdR17(r,~ m™) A~

F~ endA1 recAl galE15 galK16 nupG rpsL AlacX74 ¢$80lacZAM15
araD139 A(ara leu)7697 mcrA A(mrr-hsdRMS-mcrBC) A~

Escherichia coli DH103

Klebsiella pneumoniae 279

Klebsiella sp. strain KV-3 Veterinary isolate, Amp" Str" Tet" Kans Gms Ncs Cl7/s

Kocuria palustris DSM 11925 Type strain
Kribbella catacumbae DSM 19601 Type strain
Nesterenkonia aethiopica DSM 17733 Type strain
Pseudomonas aeruginosa PAO1

Rothia aeria DSM 14556 Type strain
Salmonella enterica serovar Typhimurium 292

Solitalea canadensis DSM 3403 Type strain
Yaniella soli DSM 22211 Type strain

E. Suziedeliene

E. Suziedeliene
DSMZ

DSMZ

DSMZ

DSMZ

DSMZ

DSMZ

DSMZ

DSMZ

DSMZ

DSMZ

DSMZ

DSMZ

DSMZ

DSMZ

DSMZ

DSMZz

81

Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection
Laboratory collection
82

82

83

84

85

85

85

84

84

DSMz

E. Suziedeliene

E. Suziedeliene

E. Suziedeliene

L. W. Black

Avidis

Pharmacia

Invitrogen

E. Suziedeliene
86

DSMZ

DSMZ

DSMZ

E. Suziedeliene
DSMZ

E. Suziedeliene
DSMZ

DSMZ

aArV1-sensitive strains are in bold.

(pfam06841). Also, HHpred analysis revealed that gp16 of ArV1 may be related to the
HCP1 family protein from the type VI secretion system (T6SS) of Acinetobacter bauman-
nii (HHPred probability, 97%; E value, 0.009) and the major tail protein gpV of E. coli
phage lambda (HHPred probability, 82%; E value, 12). In type VI secretion systems,
HCP1 family proteins are responsible for the formation of the tube (26). Notably, in the
case of all three ArV1 gene products discussed above, there was a close match between
the position of the protein on the gel and the predicted molecular mass of the protein
(Fig. 4), suggesting that these peptides are not subjected to extensive posttranslational
modifications during ArV1 virion maturation.
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FIG 3 Functional genome map of bacteriophage ArV1. The coding capacity of the ArV1 genome is shown. Functions are assigned according to the characterized
ORFs in the NCBI database and/or MS/MS analysis. The color code is as follows: yellow, DNA replication, recombination, repair, and packaging; brown,
transcription, translation, and nucleotide metabolism; blue, structural proteins; green, lysis; gray, ORFs of unknown function; red, ArV1-specific ORFs that encode
unique proteins with no reliable identity to database entries.

As mentioned above, while neither the baseplate nor the tail fibers are clearly visible
by TEM (Fig. 1), four ArV1 genes coding for baseplate proteins (gp19, gp20, gp32, and
gp33) as well as three ORFs coding for tail fiber/spike components (gp22, gp23, and
gp25) have been identified by bioinformatics approaches. Proteomics analysis revealed
that all of these proteins are present in the virion of ArV1, although gp25 and gp32
have been identified only by filter-aided sample preparation (FASP). Notably, a pre-
dicted collagen-like (pfam01391) protein, gp25, has been annotated as a putative tail
fiber protein based on a weak similarity to the putative tail fiber proteins of Entero-
bacterium myovirus 4MG (32% aa sequence identity; E value, 0.018) and Cronobacter

TABLE 2 Structural ArV1 proteins identified by MS

Protein characteristics

Molecular mass  No. of Sequence
Gene Function (kDa) peptides  coverage (%)
ORF02¢  Portal protein 52.044 57 83.72
ORF03¢  Putative structural protein 71.187 63 87.15
ORF079  Putative structural protein 50.905 17 43.96
ORF08@  Putative structural protein 12.544 14 82.54
ORF099  Major capsid protein 37.602 46 74.59
ORF10 Putative structural protein 16.293 10 78.21
ORF11 Putative structural protein 18.157 9 69.82
ORF129  Phage virion morphogenesis protein  17.738 9 64.21
ORF13 Putative structural protein 22.851 7 4293
ORF159  Tail sheath protein 49.106 126 91.95
ORF169  Putative tail tube protein 14.357 11 88.89
ORF18?  Tape measure protein 122.323 73 51.51
ORF199  Peptidoglycan-binding LysM 24.767 34 96.32
ORF20¢  CHAP domain-containing protein 52.172 33 74.80
ORF21 Putative structural protein 14.356 12 90.30
ORF229  Putative tail fiber protein 68.336 61 88.99
ORF239  Putative structural protein 66.881 96 88.98
ORF25@  Putative tail fiber protein 31.741 11 67.42
ORF329  Baseplate wedge subunit 14.742 6 77.86
ORF332  Baseplate J-like protein 39.086 25 63.75
ORF34 Putative structural protein 65.772 67 84.98
ORF64 Hypothetical protein 40.121 19 51.89

aGene encoding putative structural ArV1 protein identified by bioinformatics approaches.
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FIG 4 SDS-PAGE of ArV1 virion proteins. Lanes: 1, molecular mass marker Page Ruler prestained protein
ladder (Thermo Fisher); 2, phage ArV1 structural proteins. Relative migrations of molecular mass marker
proteins are indicated on the left. Proteins identified by MS/MS are indicated on the right.

myovirus vB_CsaM_GAP31 (32% aa sequence identity; E value, 0.022). Also, while no
amino acid sequence similarity has been identified between the baseplate proteins of
characterized myoviruses and ArV1 gp32, the latter protein has been predicted to
belong to the GPW_gp25 superfamily (cl01403/pfam04965), which includes a structural
component of the outer wedge of the baseplate of T4 (T4 gp25) that has acidic
lysozyme activity.

The baseplate protein ArV1 gp19 contains a C-terminal LysM superfamily domain
(c123764) and is similar to LysM and cell wall-binding domain-containing proteins from
a wide range of diverse bacteria (128 hits) as well as phages active against Arthrobacter
(9 hits) or Clostridium (2 hits). Notably, it has been reported recently that the LysM
domain is present in many phage baseplates, and it is often fused to the tail tube
initiator (27). Based on its genomic position and the presence of LysM, ArV1 gp19 is a
probable candidate for a tail tube initiator. Baseplate_J superfamily (cl01294) protein
ArV1 gp33, which is an orthologue of T4 gp6 (HHpred probability, 100%; E value,
1.9e—35), shows similarity exclusively to homologous proteins in Arthrobacter-infecting
myoviruses and Gordonia siphovirus GMA6. Homologues to ArV1 gp20 are only found
in five Arthrobacter myoviruses (PrincesTrina, Brent, BarretLemon, Jawnski, and Sonny),
yet gp20 itself is an orthologue of the baseplate hub protein gp44 of Enterobacterium
myovirus Mu (HHpred probability, 99.64%; E value, 2.1e—15) and has a C-terminal
peptidase domain (HHpred probability, 99.8%; E value, 1.8e—20).

The gene product of ArV1 ORF22 (654 aa) has homologues in 7 Arthrobacter
myoviruses and shares one region of sequence similarity (aa 300 to 500) with various
proteins, mostly hypothetical proteins, from siphoviruses that infect Arthrobacter or
Gordonia. The tail fiber protein of ArV1, gp23, has a C-terminal Peptidase_S74 domain
(pfam13884), a conserved chaperone domain that is commonly found in endosiali-
dases. Phage endosialidases are usually present on the virus particle in the form of tail
spikes or tail fibers (28, 29) and have been found in E. coli K1- or K92-specific
podoviruses, siphoviruses, and the myophage phi92 (29, 30).

As seen in Fig. 3, all ArV1 structural genes except ORF64 are found within a large,
~30-kb cluster located just downstream from the gene for the terminase large subunit
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(gp01). Bioinformatics approaches have yielded no putative function for ORF64, whose
predicted amino acid sequence (362 aa) shows similarity to that of the hypothetical
protein PRINCESSTRINA_79 (31% aa identity) yet has no detectable homology to any
other entries in the public databases. Nevertheless, the gene product of ORF64 has
been identified by both liquid chromatography-tandem mass spectrometry (LC-MS/MS)
of the structural ArV1 proteins separated by SDS-PAGE and FASP (Table 2), suggesting
that gp64 may indeed be the component of the phage particle. Also, as seen in Fig. 4,
ArV1 gp64 migrates with a molecular mass slightly higher than that predicted by the
sequence alone (40.1 kDa), which may be due to the posttranslational modifications or
to remaining secondary and higher-order structures. Notably, ORF64 lies in a genomic
region that contains a cluster of ORFs of unknown function (Fig. 4). Although none of
these ORFs have been identified by proteomics approaches, there is a possibility that
at least some of these putative genes of bacteriophage ArV1 encode proteins that
participate in virion formation.

Packaging. The packaging machine of tailed phages usually consists of two essen-
tial components: a portal ring and a terminase complex (31). Most characterized
terminases consist of a small subunit (TerS) involved in DNA recognition and a large
terminase subunit (Terl) containing the ATPase and the endonuclease activities (32).
ArV1 ORF02 was annotated as a portal protein based on its similarity to the corre-
sponding proteins from Arthrobacter, Gordonia, and Mycobacterium phages and was
detected by proteomics approaches as well (Fig. 4; Table 2). Based on the results of
bioinformatics analysis, the gene product of ArV1 ORFO1 is a TerL, since it has been
predicted to belong to the terminase-like family (pfam03237) and shows detectable
similarity to other phage-encoded TerL proteins. In contrast, no gene for ArV1 TerS was
identified by homology searches. The small terminase subunits of tailed viruses gen-
erally are small proteins that contain an N-terminal DNA-binding domain and are
expressed from a gene upstream of the large terminase gene (32, 33). On a circular
genome map of ArV1, the gene upstream of ORFO1 is the hypothetical protein-
encoding ArV1 ORF100, which has no amino acid sequence homology with any of the
phage proteins except for a hypothetical protein, PRINCESSTRINA_2. Nevertheless, the
presence of a putative N-terminal helix-turn-helix domain (HTH_18, PF12833), identified
by MOTIF-Search analysis, suggests that ArV1 gp100 may be a novel small terminase
subunit.

DNA RRR. The genome of bacteriophage ArV1 contains no homologues to charac-
terized DNA polymerase genes, suggesting that this phage most likely takes advantage
of the replication machinery of the host cell. However, bioinformatics analysis identified
a set of ArV1 replication, recombination, and repair (RRR) genes that, unlike structural
genes of ArV1, are apparently scattered throughout the genome.

The product of ArV1 ORF92 has been predicted to belong to the Beta_clamp
superfamily (cl21574) and, among phage genomes, has a reliable homologue only in
Arthrobacter phage PrincessTrina. In contrast, the single-stranded DNA binding (SSB)
protein ArV1 gp88, belonging to the RPA_2b-aaRSs_OBF_like superfamily (cl09930),
shows similarity to SSB proteins from a variety of organisms. Another RRR protein, ArV1
gp77, contains a conserved C-terminal helicase domain (pfam00271) and has been
predicted to belong to the SSL2 superfamily (superfamily Il DNA or RNA helicase,
COG1061).

According to the literature, a clear correlation between the size of the genome and
self-sufficiency of viral DNA replication exists. Phages with large genome size (>140 kb)
tend to encode their own replication machinery, whereas relatively small viruses (<100
kb) more often than not employ a replicative polymerase of the host cell (34). Such “less
self-sufficient” dsDNA bacteriophages, e.g., E. coli phage A and Bacillus subtilis phage
SPP1, encode a subset of proteins, including an origin-binding protein (OBP), that all
play pivotal roles in the recruitment of the host DNA replication machinery (35, 36).
Bioinformatics analysis failed to identify the gene for an OBP of ArV1. However, as seen
in Fig. 3, a large number of the genes for putative proteins of unknown function/origin
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surround those ArV1 RRR genes that have been identified by bioinformatics ap-
proaches. Therefore, it is possible that the genome of this particular myovirus encodes
a yet-unrecognized OBP. On the other hand, since replicative helicases have been
suggested to be involved in the recognition of replication origins (37), there is a slight
possibility that ArV1 recruits replicative DNA polymerase of the host cell by using its
own helicase and SSB protein complex.

Bioinformatics analysis also allowed the identification of the phage-encoded recom-
bination system in the genome of ArV1. The gene ArV1 ORF39 codes for a protein that
has been predicted to belong to the Yqgal) family of exonucleases (pfam09588) and is
followed by a gene for a RecT superfamily protein (cl04285). The genome of ArV1 also
contains a gene for a recombinational DNA repair ATPase, which has an AAA_23
domain (pfam13476) located in its N terminus. The recombinational cassette of ArV1 is
very similar to that found in Mycobacterium siphophage Giles (38). According to van
Kessel and coauthors (38), expression of the mycobacteriophage-encoded exonuclease
and recombinase substantially enhances recombination frequencies in both fast- and
slow-growing mycobacteria. Thus, there is a possibility that myovirus ArV1 employs a
phage-encoded recombination system to enhance the recombination frequency in
reportedly slow-growing Arthrobacter spp. (3).

Other ArV1 ORF products possibly involved in DNA recombination include endode-
oxyribonuclease (gp82), that is similar to a crossover junction endodeoxyribonuclease
RuvA of Catenulispora acidiphila (35% aa identity; E value, 2e—05), and two putative
HNH endonucleases, gp87 and gp98, which show similarity to an HNH endonuclease of
Gordonia phage Yvonnetastic and a putative HNH endonuclease of Bacillus phage
Shanette, respectively. It has been reported that HNH endonucleases promote the
lateral transfer of their own coding regions and flanking DNA between genomes by a
recombination-dependent process termed homing (39, 40). Hence, as such, these site-
specific DNA endonucleases may be, at least partially, responsible for apparent mosaic
architecture of the genome of ArV1.

Nucleotide metabolism and DNA modification. Based on the amino acid se-
quence similarity, two gene products of ArV1 were assigned as nucleotide metabolism
enzymes. Bacteriophage ArV1 ORF79 codes for a nucleoside 2-deoxyribosyltransferase
that is similar to a nucleoside 2-deoxyribosyltransferase from Aeromonas jandaei (44%
identity; E value, 2e—19), while the product of ArV1 ORF85 is a Nudix hydrolase that
shows similarity to a corresponding protein in Planomonospora sphaerica (43% identity;
E value, 2e—17). Nudix hydrolases hydrolyze a wide range of organic pyrophosphates,
including nucleoside di- and triphosphates, with various degrees of substrate specificity
(41).

To protect the genomic DNA from restriction endonucleases of the host cell, phages
employ various strategies, including adenine and cytosine methylation (42). Based on
the results of bioinformatics analysis, three putative methylases are present in the
genome of ArV1. The protein encoded by ArV1 ORF67a is a putative Dcm methylase
that is similar to that from Brachybacterium sp. strain SW0106-09 (46% identity; E value,
1e—34). The nucleotide sequence of ORF67a is partially overlapped by ArV1 ORF67b,
which also codes for a Dcm superfamily methylase, a homologue of the cytosine
methyltransferase from Gulosibacter molinativorax (44% identity, E value, 2e—55). Also,
the genome of ArV1 contains a gene (ORF69) for a putative AdoMet_MTase superfamily
(cl17173) protein.

The restriction digestion analysis revealed that the DNA of ArV1 seems not to be
Dam methylated (data not shown), suggesting that the gene product of ORF69 is likely
not functional. However, since ArV1 DNA is resistant to cleavage by EcoRIl and Notl
(enzymes that are sensitive to Dcm and CpG methylation, respectively), at least one
cytosine methylase is probably active in ArV1. Notably, since gp67a shares similarity to
the N terminus of DNA methylase from Mycobacterium siphovirus Florinda (44.2%
identity; E value, 3.6e—48), whereas gp67b is similar to the C terminus of the afore-
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mentioned protein (46% identity; E value, 1.1e—21), there is a strong possibility that the
cytosine methylase of ArV1 functions as a heterodimeric enzyme.

Lysis cassette. According to Young and colleagues (43), all dsDNA phages accom-
plish host lysis using a muralytic enzyme (known as an endolysin) and a holin, a small
membrane protein that permeabilizes the membrane at a programmed time. The lysis
cassette of ArV1 comprises two genes, ORF26 and ORF27. The gene product of ORF26
(550 aa) shows homology to different endolysins and contains five conserved domains,
namely, an N-terminal CHAP domain (pfam05257), a central region conserved between
glycosyl hydrolase family 25 (GH25, pfam01183) proteins, and three C-terminal LysM
domains (pfam01476), whereas based on its length (152 aa) and three predicted
transmembrane regions, gp27 is a plausible candidate for a type | holin (43).

Phylogenetic analysis. As discussed above, TEM analysis revealed that the virion of
ArV1 has a long contractile tail characteristic of Myoviridae. However, based on the
results of the genome sequence analysis, bacteriophage ArV1 has no myoviral relatives
except for a small group of yet-unpublished Arthrobacter-infecting myoviruses, whose
genomes have been released by GenBank only recently. Therefore, to unravel evolu-
tionary relationships between ArV1 and other tailed phages, a number of phylogenetic
reconstruction methods have been used.

A novel "head-neck-tail”-based classification method proposed by Lopes and coau-
thors (44) classified ArV1 as a myovirus of “type 1 (cluster 5)" (Fig. 5). Based on the data
presented by VIRFAM, “neck type 1" phages adopt the structural organization of the
Siphoviridae phage SPP1 neck, while cluster 5 is composed strictly of siphophages, of
which all but two, Streptomyces phages phi-C31 and phi-BT1, infect Proteobacteria.
Notably, VIRFAM analysis classified Arthrobacter bacteriophages PrincessTrina, Martha,
BarretLemon, Sonny, Brent, Jawnsky, and TaeYoung as the neck type 1 myoviruses yet
failed to assign them to a particular cluster. Also, Arthrobacter phage Galaxy, annotated
as Myoviridae in the NCBI database, was recognized as a type 1 siphovirus belonging to
cluster 10. While the results of VIRFAM analysis correlated well with those obtained by
other homology-based approaches, suggesting that bacteriophage ArV1 has much
more in common with phages from the family Siphoviridae than it does with any
myovirus characterized to date, the phylogenetic position of ArV1 with respect to other
tailed bacteriophages, especially Myoviridae phages, remained unclear.

Unlike the 16S rRNA gene in Bacteria and Archaea, there is no universally accepted
phylogenetic marker gene for tailed bacteriophages (45). However, comparative phage
genomics suggest that two proteins, the terminase large subunit and the portal
protein, can be recognized by sequence/structure similarity to be encoded by most
sequenced tailed phages (46-48), and they have often been used as markers in
phylogenetic analysis (49-51). Another protein whose amino acid sequence alignment
has often been used in phylogenetics is the major capsid/head protein (52, 53). Also, a
tail sheath protein presumably exclusive to myoviruses has been suggested as a
potential marker for this specific viral family (45). Therefore, four phylogenetic trees
based on the alignment of the ArV1 TerL (Fig. 6), portal (Fig. 7), tail sheath (Fig. 8), and
major head (Fig. 9) protein sequences with those returned by BLASTP homology
searches were constructed. Notably, in the case of the portal, major capsid, and tail
sheath proteins, due to the near absence of myoviral representatives, the amino acid
sequences of the corresponding proteins from Campylobacter phage CP220, Bacillus
phage SPO1, and Enterobacterium phages P2, T4, and Mu (representing myoviral
subfamilies Eucampyvirinae, Spounavirinae, Peduovirinae, Tevenvirinae, and Vequintaviri-
nae, respectively) were included in the alignment as an outgroup. As seen in Fig. 6 to
8, Arthrobacter myophages form a discrete clade in all four phylogenetic trees and, in
most cases, seem to occupy a somewhat intermediate position between myo- and
siphoviruses.

To obtain a more detailed picture of the phylogenetic relationships within the group of
Arthrobacter-infecting myoviruses, the annotated PrincessTrina, Martha, BarretLemon, Sonny,
Brent, Jawnsky, TaeYoung, and Galaxy genomes were downloaded from the NCBI
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FIG 5 VIRFAM-generated clustering of ArV1 with the phages sharing the most similar head-neck-tail modules. Different type 1 phage clusters are highlighted
by different background colors. ArV1 is indicated by the red arrow and white background.

database and compared to that of ArV1. As seen in Fig. T0A, Mauve alignment of ArV1
and PrincessTrina revealed that these two phages share a high level of sequence
homology and have almost identical genome organizations. When the genomes from
all seven Arthrobacter myoviruses were aligned (note that Mauve failed to perform the
alignment when the genome sequence of Galaxy was included), several regions of
nucleotide sequence similarity were identified that, in ArV1, covered the head and tail
morphogenesis genes (Fig. 10B).

Since the results of homology searches indicate that the similarity between ArV1
and other Arthrobacter phages listed above is not limited to the head and tail mor-
phogenesis genes, the CoreGenes3.5 comparison program (54), which proved to be
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FIG 6 Relationships of terminase large subunits across diverse phage types. The numbers at the nodes indicate the

bootstrap probabilities. S, Siphoviridae; M, Myoviridae; P, Podoviridae; ND, not determined; AR, Archaea.

valuable in phage taxonomic analysis (55, 56), was used to compare the phage
proteomes using ArV1 as a reference phage. In total, 32 core genes (32% of the ArV1
coding capacity) belonging to different functional groups (see Table S1 in the supple-
mental material) were identified by CoreGenes3.5.

DISCUSSION

This is the first report on the molecular characterization of a myophage that infects
bacteria of the genus Arthrobacter. Myovirus ArV1 was isolated and sequenced in 2013.
At that time, the functional annotation of ArV1 genome was complicated due to the
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FIG 7 Neighbor-joining tree analysis based on the alignment of the amino acid sequences of the portal

protein. The numbers at the nodes indicate the bootstrap probabilities. S, Siphoviridae; M, Myoviridae; ND,
not determined.

fact that more than 60% of its genes were ORFans. Moreover, at the time, the majority
of ArV1 ORFs whose functions had been inferred by homology searches (including most
of the genes coding for virion structural proteins) showed no reliable homology to any
other myoviral sequences in the databases. In fact, the results of the genome sequence
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FIG 8 Neighbor-joining tree analysis based on the alignment of the amino acid sequences of the tail sheath proteins. The numbers
at the nodes indicate the bootstrap probabilities. S, Siphoviridae; M, Myoviridae.
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FIG 9 Neighbor-joining tree analysis based on ClustalW alignment of the major capsid protein sequences. The

numbers at the nodes indicate the bootstrap probabilities. S, Siphoviridae; M, Myoviridae.

analysis revealed that ArV1 had more in common with siphoviruses than it did with any
known myovirus. Since 2013, the genomes of 8 new Arthrobacter myophages have
become available in the databases, together with quite a number of genome se-
quences of various myoviruses infecting Actinobacteria other than Arthrobacter. Yet,
while the annotation of the ArV1 genome has become, perhaps, more accurate, not
much has changed from the point of view of phylogeny, except that now ArV1,
together with other myophages infecting Arthrobacter, comprises a group of odd
myoviruses that share more genes/proteins with phages from the family Siphoviridae
than they do with those belonging to Myoviridae. Nevertheless, the micrographs
obtained by TEM indicate that ArV1 is just an ordinary myovirus. Or is it?

As seen in Fig. 1, for a myovirus with a medium-sized genome (71 kb), the tail of
Arv1 seems to be excessively long (~192 nm) and exhibits a rather unusual mode of
sheath contraction. According to the literature, while siphoviruses usually possess
longer tails than myoviruses, the length of the tail in both types of phages is deter-
mined by the length of the tape measure protein (TMP) (57). While the average lengths
of the TMPs of siphophages and myophages are ~1,200 and ~800 residues, respec-
tively, bacteriophages with larger genomes tend to code for longer TMPs than those
with smaller genomes (58). It has been well documented that in siphoviruses, TMP plays
an important role in the DNA injection process by forming a channel through the host
cell membrane for phage genome entry and protecting the DNA from degradation by
periplasmic endonucleases (58-60). Also, the TMPs of several siphoviruses (e.g., Esch-
erichia coli phage T5) have been implicated in the local degradation of the peptidogly-
can (61). In the case of myophages, the function of TMP in the DNA injection has, until
recently, been unclear. However, last year significant advances were made in the
characterization of TMP functionality for myophage T4 (62). According to Hu and
coauthors (62), during the translocation of phage DNA from the virion capsid into the
cytoplasm of the host cell, TMP of the myovirus T4 is ejected from the tail tube, after
which it likely participates in the formation of the transmembrane channel for the
passage of viral DNA. These results suggest that the TMPs of contractile and noncon-
tractile tails function in a similar manner. Gene 18 of bacteriophage ArV1 codes for a
TMP of 1,177 residues, and its homologues (Fig. 11) are present in as many as 137
siphoviruses (mostly Mycobacterium and Propionibacterium phages) but in only 1
myovirus (Arthrobacter phage PrincessTrina). An intriguing theory regarding phage
evolution has been raised by Davidson and coauthors, stating that compared to the
myoviruses of Gram-negative bacteria, viruses with contractile tails are a relatively new
addition to the population of phages infecting Gram-positive cells and that myophages
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FIG 10 Progressive Mauve whole-genome alignment generated using Geneious Pro v5.5.6. (A) Alignment of ArV1 and PrincessTrina genome sequences. (B)
ArV1 genome sequence alignment with the genome sequences from 7 Arthrobacter phages. Red blocks represent aligned regions, and similarity is indicated

by the height of the bars.

likely evolved from siphophages (58). If so, then perhaps ArV1, after the addition of the
tail sheath and contractile mechanism to the original noncontractile tail design, pre-
served the ancestral TMP/tail length, which likely not only increased the chance of
contacting a suitable host cell in the terrestrial environments but also could be
beneficial in penetrating the thick wall of the Gram-positive cell.

As mentioned above, the electron micrographs obtained by TEM (Fig. 1) showed
that the contracted tail sheath of ArV1 can be located at both proximal (the usual
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FIG 11 mVISTA-generated phylogenetic tree based on MLAGAN alignment of 14 arthrobacterial phage
genome sequences available in GenBank.

location for the contacted sheath of myoviruses) and distal regions of the tail. To our
knowledge, a similar phenomenon was first reported in 2005 for Listeria monocytogenes
phage 01761 (63). Over the years, reports on three more myoviruses, namely, Burk-
holderia pseudomallei phages KS5 and KS14 (64), and ST2 (65), with unusually posi-
tioned contracted sheaths have been published. Notably, while both Listeria monocy-
togenes and Burkholderia pseudomallei are pathogenic to humans, these two bacteria,
just like Arthrobacter, are found in soil, suggesting that perhaps the aforementioned
phenomenon is not unusual for terrestrial phages. However, the question of why this
is inherent to only a few myoviruses remains.

According to the literature, all known contractile phage tail-like structures, such as
tailed phages, the type VI secretion system (T6SS), R-type pyocins, and phage tail-like
protein translocation structures, are multimeric protein complexes that share an archi-
tecture and a set of conserved building blocks (26, 66, 67). All these contractile
machineries consist of the main tube, the outer sheath, and the baseplate (26). For
many years, bacteriophage T4, the most thoroughly investigated myovirus, served as
a model system for all contractile phage tail-like structures. However, quite a number
of myoviruses, especially those with smaller genomes, have tails significantly less
complex than that of T4 (27, 68). Therefore, by analyzing the available genomic and
protein structural data for three well-studied myoviruses (T4, P2, and Mu), Leiman and
Shneider identified a minimal set of 12 proteins that comprise a functional contractile
phage tail (66) Based on the data provided in Results, we tentatively predict that at least
9 ArV1 structural proteins represent the aforementioned conserved set (Table 3), and
this suggests, in accordance with the TEM results, that bacteriophage ArV1 has a
“simple” baseplate likely somewhat similar to that of Mu. As was the case with the
Mycobacterium and Thermus phages analyzed by Buttner and colleagues (27), two
conserved contractile tail proteins corresponding to T4 gp5 and T4 gp53/gp7 appear to
have no recognizable homologues in ArV1. Nevertheless, HHPred revealed a low-
probability link between the N terminus of ArV1 gp22 (aa 23 to 93/654) and the
N-terminal OB-fold domain of P2 gpV (aa 18 to 93/211). In the case of the C terminus
of ArV1 gp22 (aa 568 to 653/654), HHPred returned high-probability hits to the
receptor-binding domain of Lactococcus phage p2 RBP (aa 171 to 263/264). Based on
this, we designated ArV1 gp22 as the tail fiber protein. Nevertheless, a possibility
remains that this protein is actually a functional analogue of T4 gp5. As seen in Table
3, two ArV1 proteins, gp12 and gp13, are candidates for components of the tail
terminator complex. Notably, both proteins show no sequence similarity with tail
terminators of known myophages. However, BLASTP predicted that ArV1 gp12 has a
conserved Phage_tail_S family domain (aa 31 to 130/156; pfam05069), whereas ArV1
gp13 has a weak HHPred match (probability of 20%; aa 1 to 122/205) to the N-terminal
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TABLE 3 Putative orthologues of conserved T4, P2, and Mu tail proteins? predicted

in ArV1
Protein in®:
Category T4 P2 Mu ArV1i
Baseplate hub gp27 gpD gp44 gp20
Spike/needle gp5 gpV gp45s —
Baseplate gp25 gpW gp46 gp32
gp6 gpJ gp47 gp33
gp53/gp7 gpl gp48 —
Receptor-binding protein gp12 gpH gp49 gp22/gp23
Tail tube initiator gp48/gp54 gpU gp43 gp19
Tape measure gp29 apT gp42 gp18
Tail tube gp19 gpFll gp40 gp16
Tail sheath gp18 gpFl gp39 gp15
Tube terminator gp3 apsS gp37 gp12/gp13
Sheath terminator gp15 gpR gp38 gp12/gp13
aBased on the data from reference 66.
bHHPred hits are in bold. —, not determined.

part of the head-to-tail connector protein gpU from E. coli siphophage. The Phage_
tail_S family domain is represented by P2 protein S (69), which is thought to act in tail
completion and stable head joining. The gene product gpU, which permanently halts
tail polymerization and forms the interface for head attachment, has been shown to be
related to phage Mu gp37, which is thought to be a tail terminator protein based on
its genomic position and the phenotype of mutants with mutations in the gene
encoding it (66, 70, 71). In the case of phage T4, to prevent depolymerization before the
tail attaches to the head, the tail tube and sheath are capped by the terminator proteins
gp3 and gp15, respectively. gp15 has been shown to interact with the neck protein
gp14, the tail tube terminator (gp3), and the last row of gp18 molecules. In the
contracted tail, the last interaction helps to maintain the integrity of the tail in its
contracted form (72). Taken together, the data on the analysis of ArV1 structural
proteins presented in the previous section and summarized in Table 3 indicate that
while the myophage ArV1 does, in fact, share certain components with the tails of the
3 most-researched myoviruses, T4, P2, and Mu, the inner core of the ArV1 tail is much
more related to the Siphoviridae family. Following this observation, we hypothesize that
the reason why in nearly 20% of ArV1 virions with contracted tails the sheaths are
located at the distal region of the tail (near the baseplate) is because protein-protein
interactions between ArV1 sheath and the tail core proteins are likely weak enough to
be occasionally lost during phage purification procedures.

As mentioned above, the NCBI list of all fully sequenced phage genomes had, for
quite some time, contained only one sequence belonging to Arthrobacter-infecting
myophages, the genome sequence of bacteriophage ArV1. Later, the pace of Arthro-
bacter phage whole-genome sequence determination rapidly accelerated due to an
integrated research and education program, SEA-PHAGES, jointly administered by
Graham Hatfull’s group at the University of Pittsburgh and the Howard Hughes Medical
Institute’s Science Education division (http://seaphages.org). Thus, since 2014, the
genomes of eight Arthrobacter myoviruses have joined ArV1 in the GenBank database.
At the time of this writing, GenBank has released five more genome sequences related
to that of ArV1: three Arthrobacter myoviruses, Chubster (KX670786.1), Conboy
(KX522650.1), and Chocolat (KX670787.1), as well as two Arthrobacter siphoviruses,
HumptyDumpty (KX855962.1) and EdgarPoe (KX855961.1). Comparative genome se-
quence analysis indicated that all the aforementioned Arthrobacter phages, with the
exception of myophage Galaxy (which we strongly suspect is not a myovirus), are
related to each other, with various degrees of DNA sequence similarity (data not
shown), and that they can be grouped into two clusters (Fig. 12). Cluster | comprises
seven Arthrobacter phages with medium-sized genomes (70 = 1 kb), while six Arthro-
bacter myoviruses with smaller genomes (50 = 1 kb) fall into cluster Il. Within each
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FIG 12 Neighbor-joining tree analysis based on ClustalW alignment of the tape measure protein sequences. The numbers at

the nodes indicate the bootstrap probabilities. S, Siphoviridae; M, Myoviridae.

cluster, the genomes share a high degree of sequence similarity that spans more than
60% of the genome length. Between the clusters, similarity is much less extensive, with
regions with evident nucleotide sequence similarity mostly spanning the structural
module of each given genome. Nevertheless, as discussed in Results, a set of 32
proteins that belong to different functional groups (e.g., morphogenesis, DNA replica-
tion, lysis, etc.) is conserved in all Arthrobacter myoviruses listed above. Notably, while
phage ArV1 was isolated in Lithuania, all other Arthrobacter myophages discussed in
this paper were isolated in the United States, hinting at the diverse and cosmopolitan
nature of ArV1-like viruses.

Our experience with ArV1 revealed that Arthrobacter myoviruses and, apparently,
myophages infecting Actinobacteria other than Arthrobacter as well, are not easy to
classify. If one omits purification in CsCl gradients and examines only a limited number
of phage particles, virions with contracted tails can be easily overlooked. Consequently,
especially if the phage genome sequence analysis is performed by using conventional
homology searches only (e.g., BLAST and FASTA), such a virus may be misclassified as
a siphovirus. The NCBI database currently contains the genome sequences of three
siphoviruses (Arthrobacter phages HumptyDumpty and EdgarPoe as well as Gordonia
siphovirus GMA6) that we strongly suspect are myoviruses. Since in the case of
Actinobacteria phages, tail protein sequence relationships are nearly impossible to
detect using conventional homology searches, we urge our fellow phage biologists to
use HHPred or, at the very least, VIRFAM, which can be used for a fast and reliable initial
phage assignment. Also, we would like to advocate the usage of the phage nomen-
clature proposed by Kropinski and colleagues (73). After all, phage names such as
“MollyDolly” or “HappySunday,” while undeniably beautiful, have no informational
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value and are of no use when dealing with extensive lists of hits returned by homology
searches. In contrast, by following the phage-naming method proposed in reference 73,
two most important characteristics of the virus are being provided: the name of the
host and the morphology of the phage particle.

In conclusion, based on an elegant review written by D. Veesler and C. Cambillau
(74), the apparent common structure of contractile and noncontractile tails suggests
that both siphoviruses and myoviruses evolved from the common progenitor
phage. If so, what was this protophage? Was it a siphophage-like virus, one of whose
proteins evolved to interact with the tail tube, thus giving rise to Myoviridae? Or,
perhaps, was it a myophage-like progenitor that, for reasons unknown, lost its sheath
to give rise to the family Siphoviridae? If one wishes to come closer to unraveling the
mysteries of phage evolution, the results of ArV1 genome sequence analysis suggest
that Arthrobacter-infecting myoviruses may be a good model object to begin with.

MATERIALS AND METHODS

Phages and bacterial strains. Phage ArV1 was isolated from soil samples collected in Vilnius
(Lithuania) using Arthrobacter sp. strain 68b as the host for phage propagation and phage growth
experiments. The bacterial strains used in this study for host range determination are described in Table
1. For phage experiments, bacteria were cultivated in Luria-Bertani broth (LB) or LB agar at 28°C. Bacterial
growth was monitored turbidimetrically by reading the optical density at 600 nm (ODg,,). An ODg, of
1.0 corresponded to 9 X 108 Arthrobacter sp. strain 68b cells/ml.

Phage techniques. Phage isolation and propagation were carried out as described previously (17).
The determination of the efficiency of plating (EOP) was performed as described by Kaliniene and
colleagues (75). High-titer phage stocks were diluted and plated in duplicate. Plates incubated at 18, 20,
22, 24, 26, 28, 30, 32, 34, and 37°C were read after 18 to 96 h of incubation. The temperature at which
the largest number of plaques formed was taken as the standard for the EOP calculation.

TEM. CsCl density gradient-purified phage particles were diluted to approximately 10"" PFU/ml with
distilled water, 5 ul of the sample was directly applied on the carbon-coated nitrocellulose grid, excess
liquid was drained with filter paper before staining with two successive drops of 2% uranyl acetate (pH
4.5), and the sample was dried and examined in Morgagni 268(D) transmission electron microscope (FEI,
Hillsboro, OR, USA).

DNA isolation and restriction analysis. Aliquots of phage suspension (10" to 10'2 PFU/ml) were
subjected to phenol-chloroform extraction and ethanol precipitation as described by Carlson and Miller
(76). Isolated phage DNA was subsequently subjected to genome sequencing and restriction digestion
analysis.

Restriction digestion was performed with BamHI, Bpu1102l, BspTl, EcoRl, EcoRll, EcoRV, Hindlll, Kpnl,
Mbol, Ndel, Nhel, Notl, Pstl, Pvull, SnaBlI, Sspl, Vspl, Xbal, and Xhol restriction endonucleases (Thermo
Fisher Scientific, Lithuania) according to the supplier's recommendations. DNA fragments were separated
by electrophoresis in a 0.8% agarose gel containing ethidium bromide. Restriction analysis was per-
formed in triplicate to confirm the results.

Genome sequencing and analysis. The complete genome sequence of ArV1 was determined using
lllumina DNA sequencing technology (BaseClear, the Netherlands). Open reading frames (ORFs) were
predicted with Glimmer v3.02 (https://www.ncbi.nlm.nih.gov/genomes/MICROBES/glimmer_3.cgi) and
Geneious Pro v5.5.6. (Biomatters, Auckland, New Zealand). Analysis of the genome sequence was
performed using BLAST, PSI-BLAST, and Megablast (https://blast.ncbi.nim.nih.gov/Blast.cgi) as well as
Transeq and Clustal Omega (http://www.ebi.ac.uk) and HHPred, HHblits, and HHsenser (77, 78), Also,
tRNAscan-SE 1.21 (http://lowelab.ucsc.edu/tRNAscan-SE/) was used to search for tRNAs. Phylogenetic and
molecular evolutionary analyses were conducted using MEGA version 5 (79), mVISTA (80), and VIRFAM
(44).

Analysis of structural proteins. Analysis of ArV1 virion structural proteins was performed as
described previously (17).

Accession number(s). The complete genome sequence of Arthrobacter bacteriophage ArV1 was
deposited in the EMBL nucleotide sequence database (http://www.ebi.ac.uk/ena/data/view/KM879463)
and in GenBank under accession number KM879463.
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