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Abstract: Black leg and soft rot are devastating diseases causing up to 50% loss of potential potato
yield. The search for, and characterization of, bacterial viruses (bacteriophages) suitable for the
control of these diseases is currently a sought-after task for agricultural microbiology. Isolated lytic
Pectobacterium bacteriophages Q19, PP47 and PP81 possess a similar broad host range but differ in
their genomic properties. The genomic features of characterized phages have been described and
compared to other Studiervirinae bacteriophages. Thorough phylogenetic analysis has clarified the
taxonomy of the phages and their positioning relative to other genera of the Autographiviridae family.
Pectobacterium phage Q19 seems to represent a new genus not described previously. The genomes of
the phages are generally similar to the genome of phage T7 of the Teseptimavirus genus but possess a
number of specific features. Examination of the structure of the genes and proteins of the phages,
including the tail spike protein, underlines the important role of horizontal gene exchange in the
evolution of these phages, assisting their adaptation to Pectobacterium hosts. The results provide the
basis for the development of bacteriophage-based biocontrol of potato soft rot as an alternative to the
use of antibiotics.

Keywords: phage; Autographiviridae; Pectobacterium; tail spike; horizontal transfer; evolution;
phage therapy

1. Introduction

The potato (Solanum tuberosum L.) is one of the most essential food crops and is cultivated
all over the world. Black leg and soft rot in potatoes inflict great losses in the production of this
crop [1]. These diseases are caused by “soft rot Pectobacteriaceae” (SRP), which includes species of
genera Pectobacterium and Dickeya [2,3]. The cells of SRP are mostly spread by contaminated seed
material and can survive on other crops, wild and weedy plants, in irrigation water and on farm
equipment [2,4]. The use of efficient antibacterial compounds in agriculture is restricted or limited,
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so there is a lack of effective methods to control soft rot [1]. The use of bacteriophages (phages) specific
to the bacteria causing plant diseases is considered to be a promising strategy [5-8]. A number of
successful experiments in the prevention and control of potato soft rot by applying Pectobacterium
and Dickeya phages in vitro, in planta [9,10] and in the field [11,12] have been reported. However,
besides traditional hurdles on production and regulation of phage-based preparations, the construction
of SRP-directed phage cocktails has problems with basic requirements. The consensus of opinion on
candidate phages is that they should be lytic, specific to the target bacteria, and have a reasonably
broad range. Different phages should be included in the composition to reduce the formation of
phage-resistant mutants of bacteria [13,14].

Recent studies have revealed the great diversity of SRP, reflected in the fact that there are currently
over 30 species of Pectobacterium and Dickeya [15,16], most of them adapted to the conditions of all
environments and climatic zones used for the production of potatoes.

The taxonomy of bacteriophages (and viruses in general) has also undergone recent revolutionary
changes [17,18]. The order Caudovirales (AsDNA tailed viruses, the largest group of known
bacteriophages) has been elevated to the Uroviricota phylum level. Correspondingly, existing and
newly formed lower level taxa of phages have been elevated and separated (https://talk.ictvonline.
org/taxonomy/). For instance, short-tailed phages resembling a model phage T7 are currently
represented as the Autographiviridae family, which has nine subfamilies and 63 genera. Thus,
morphologically indistinguishable phages with a similar architecture of the genome can be categorised
as belonging to different genera or even subfamilies. The question of specificity and genetic diversity
of SRP phages deserves a very careful investigation.

In this work, we present a comprehensive characterisation of three related lytic bacteriophages
isolated in the Moscow region within a five-year period. The study describes the biological and
genomic properties of Pectobacterium phages PP47, PP81, and Q19 with respect to their suitability for
phage control applications.

The results of a comparative phylogeny of phages belonging to the subfamily Studiervirinae and
infecting Pectobacterium spp., and a bioinformatic analysis of adsorption apparatus and the whole
phage genome, suggest hypotheses for possible mechanisms of adaptation of these Pectobacterium
phages to the host.

2. Materials and Methods

2.1. Bacterial Strains and Growth Conditions

Characterised propagation strains Pectobacterium brasiliense F157 (PB38), NCBI accession number
NZ_PJDL00000000.1 and other strains and field isolates listed in Table S1 were grown at 28 °C in LB
broth or LB agar plates (1.5% agar) for 24—48 h. The strains were kept in 20% glycerol at —80 °C for
long-term storage.

2.2. Bacteriophage Isolation and Purification

Bacteriophages were isolated from samples collected in the Moscow region. The sources were
washing water in a potato warehouse (geographical coordinates 56°25'28” N, 37°9’15” E) in 2014 for
PP47, a sample of rotten potatoes from a dump (56°25’33” N, 37°34’13” E) in 2015 for PP81 and urban
wastewater (55°40'27” N, 37°57’49” E) in 2018 for Q19. The presence of the phages in the sample was
analysed using a soft agar overlay protocol [19]. Phages were propagated using P. brasiliense strain
F157. Cell cultures grown at 28 °C to ODgqy ~0.5 were infected with corresponding bacteriophages
at a multiplicity of infection (MOI) of 0.01 and incubated for a further 4 h with moderate agitation.
Cell debris were removed by centrifugation at 10,000x g for 20 min at 4 °C. The supernatant was passed
through a 0.22 pym membrane filter. The phages were concentrated by centrifugation at 22,000x g for
40 min at 4 °C. The resulting pellet was resuspended in a phage buffer to a concentration ~10° pfu/mL
and stored at 4 °C until used.


https://talk.ictvonline.org/taxonomy/
https://talk.ictvonline.org/taxonomy/

Microorganisms 2020, 8, 1707 3of 27

2.3. Host Range of Bacteriophages

Forty strains representing different species of Pectobacterium and Dickeya, as well as soil bacteria
usually accompanying soft rot infections (Table S1), were used to assess the infection range of phages.

500 pL of liquid culture of each strain was mixed with 4 mL of 0.7% soft LB agar and overlaid
onto LB plates containing 1.5% agar. 20 uL of PP47, PP81 and Q19 suspensions (10° pfu/mL) were
spotted onto the lawns and the plates were incubated overnight at 28 °C. Bacterial susceptibility was
determined by the clarification of phage application spots. Lytic ability was verified using the titration
by overlay method, with the corresponding bacterial strain.

2.4. Biological Activity of Bacteriophages

Adsorption and one-step-growth curve tests were processed according to [9]. Bacterial strains were
grown to the mid-exponential phase and infected by individual phages at MOI = 0.01. Aliquots were
taken at specified intervals, diluted using a phage buffer and centrifuged at 10,000x g for 1 min.
The titers of unadsorbed and reversibly adsorbed phages were determined by serial dilution.

The long-term effects of the phages on bacterial growth were measured by monitoring the ODgqy
for 12 h post-infection with each phage. Bacterial cells in mid-exponential phase (10° cfu/mL) were
mixed with the solution of phages at an MOI of 1 and diluted with LB broth. The ODg of the reaction
mixtures were monitored with a microplate reader (Victor, Thermo Scientific) at 28 °C over 3 h.

2.5. Electron Microscopy

The morphology of phages PP47, PP81 and Q19 was analysed by transmission electron microscopy
(TEM). Phage suspension (~10° pfu/mL) was purified by ultracentrifugation in a CsCl gradient
(rotor SW28, Beckman, 22,000x g for 40 min at 4 °C), dialysed against the phage buffer, placed on
individual copper grids, negatively stained with 1% uranyl acetate and examined using an FEI Tecnai
G2 microscope at 100kV acceleration voltage. The dimensions were averaged among ~20 individually
measured particles.

2.6. Phage Genome Sequencing and Annotation

Phage DNA was extracted using the phenol-chloroform method and fragmented with a Bioruptor
sonicator (Diagenode). Paired-end libraries were constructed using a Nebnext Ultra DNA library prep
kit (New England Biolabs) and sequenced on the Illumina MiSeq™ platform (Illumina) using paired
150 bp reads. After filtering using CLC Genomics Workbench 8.5 (Qiagen), overlapping paired-end
library reads were merged with the SeqPrep tool (https://github.com/jstjohn/SeqPrep). Reads were
assembled using CLC Genomic workbench v. 7.5. The phage genome was annotated by predicting
and validating open reading frames (ORFs) using Prodigal 2.6.1 [20] and Prokka [21] pipelines.
Identified ORFs were manually curated to ensure fidelity. Functions were assigned to ORFs using a
BLAST search on a custom phage protein database compiled from annotated phage GenBank sequences,
InterPro server (https://www.ebi.ac.uk/interpro/entry/InterPro) and HHpred server (https://toolkit.
tuebingen.mpg.de) with Pfam-A_v32.0, NCBI_Consreved_Domain_v.3.16, SMART_v6.0, PRK_6.9,
PDB, SCOPe70_2.07, ECOD_ECOD_F70_20190225 and COG_KOG_v1.0 databases. Custom BLAST
databases were compiled using the BLAST tool (https://blast.ncbi.nlm.nih.gov/). tRNA coding regions
were searched using tRNAscan-SE [22] and ARAGORN [23]. The resulting genome map was visualised
in Geneious Prime, version 2020.2.3 (https://www.geneious.com). The intergenic genome regions
of the phages were searched for promoters with PhagePromoter [24] in the Galaxy framework
(https://galaxy.bio.di.uminho.pt/) with threshold 0.65.

2.7. Phylogenetic Analysis

Phage reference genomes were downloaded from NCBI GenBank (ftp://ftp.ncbi.nlm.nih.gov/
genbank). Where necessary, the genomes were annotated using Prokka [21], with a custom phage
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protein database compiled from annotated phage GenBank sequences. A search for homologous
sequences was conducted using a BLAST search and sequences found were checked for the presence
of annotated homologous genes in NCBI genomes. Genes were extracted from GenBank annotations.
For some unannotated sequences, ORFs were found using Glimmer [25]. ORFs were validated
and corrected by comparison with known homologous genes. Protein alignments were made with
MAFFT (L-INS-i algorithm, BLOSUMS62 scoring matrix, 1.53 gap open penalty, 0.123 offset value) [26].
The alignments were trimmed manually and with trimAL [27] with gappyout settings. Best protein
models were found with MEGAX 10.0.5 [28]. Trees were constructed using the maximum likelihood
(ML) method with an RAXML program [29] and a WAG+G protein model, and the robustness of the
trees was assessed by bootstrapping (1000) and with MrBayes [30,31].

2.8. Whole-Genome and Proteome Analysis

Average nucleotide identity (ANI) was computed using the OrthoANIu tool [32],
employing USEARCH (http://www.drive5.com/usearch/) over BLAST (https://www.ezbiocloud.
net/tools/orthoaniu) with default settings. Core protein extraction was performed with BPGA
software [33]. Searches for homologous sequences were conducted with BLAST on custom
databases based on Genbank sequences and on the nr/nt NCBI database. The VIRIDIC server
(http://rhea.icbm.uni-oldenburg.de/VIRIDIC/) was employed for calculating phage intergenomic
similarities (BLASTN parameters ‘~-word_size 7-reward 2-penalty-3-gapopen 5-gapextend 2’) [34].

2.9. D Homology Modelling, Alignment and Visualisation

Protein remote homology detection, 3D structure prediction and template-based homology
prediction were made using the Phyre2 protein fold recognition server (http://www.sbg.bio.ic.ac.uk/
~phyre2) [35], HHpred (https://toolkit.tuebingen.mpg.de/tools/hhpred). The obtained structures were
aligned and visualised with UCSF Chimera [36].

3. Results

3.1. General Properties of Pectobacterium Bacteriophages PP47, PP81 and Q19

Pectobacterium brasiliense (syn: P. carotovorum subsp. brasiliense) [37,38] is one of the major concerns
in relation to the soft rot pathogenesis of potatoes in Central European Russia, and has been since the
early 2010s [39,40]. P. brasilense has a certain heterogeneity in terms of its genomic and physiological
properties [41,42]. Several genetically distinct strains of it were isolated in Russia [39,43], and they are
used as components of enrichment culture to isolate SRP-specific bacteriophages. On the lawn of the
isolation strain F157, bacteriophages formed clear plaques with a diameter of 2-3 mm for PP47 and
P81, and 3-5 mm for Q19 (LB/1.5% w/v bottom agar, 0.5% w/v top agar, 28 °C).

Infectivity assays of all three phages, in standard conditions and on the same bacterial host,
showed certain differences in their infection cycle. All phages demonstrated fast adsorption, in 3-5 min,
and fast lysis of the host culture. Phage PP81 had a notably longer latent period and a smaller burst
size (64 progeny phages/cell vs 87 for Q19 and 163 for PP47) (Figure 1).
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Figure 1. (A) One-step growth curve of phages Q19 (red), PP47 (blue) and PP81 (green) using
P. brasiliense F157 as host strain in MOI = 0.01. (B) Adsorption of phages Q19 (red), PP47 (blue) and
PP81 (green) at the surface of P. brasiliense F157 in MOI = 0.001.

Phages PP47, PP81 and Q19 demonstrated a fairly similar host range. All three phages infected
P. brasiliense strains F157 and F126, while P. brasiliense F128 was susceptible to Q19 only, and strain
F152 was resistant to all phages. All three phages infected P. polaris strain F109, most tested strains of
P. versatile and some insufficiently attributed pectolytic isolates. All tested strains of P. carotovorum,
P. parmentieri and P. aquaticum, and all Dickeya spp. used in the experiment, seemed to be resistant to
PP47, PP81 and Q19 (Table S1). Therefore, in compliance with the definition of a phage suitable for
phage therapy [44], the host range of the studied phages can be considered to be broad.

The morphology of Q19, PP47 and PP81, as revealed by TEM, was typical for Autographiviridae
phages [17,45]. The virions corresponded to Podoviral morphotype C1, with an icosahedral capsid
about 60 nm in diameter and a short tail about 10 nm long. Small appendages corresponding to the
phage adsorption apparatus can be seen around the tail (Figure 2).
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Figure 2. Transmission electron microscopy of bacteriophages PP47, PP81, and Q19. Staining was with
1% uranyl acetate. The scale bar is 40 nm.

3.2. Taxonomy

Intergenomic comparisons were made through calculations of average nucleotide identity using
orthoANIu and whole-genome similarity by VIRIDIC, using all Genbank complete genome sequences
of Autographiviridae phages. The latter algorithm was demonstrated to correspond to the primary
classification technique used by the International Committee on Taxonomy of Viruses (ICTV), but to
a higher degree [34]. The ANI calculations show a significant similarity between phages PP47 and
PP81 (about 98%, Tables S2 and S3) and a lesser similarity with Q19 and all other phages (about 92%,
compared to Klebsiella virus KP32 genome, the closest to Q19), (Table S4). These data correspond to the
results of VIRIDIC analysis (Figure 3), testifying to the affiliation of PP47 and PP81 with the genus
Pektosvirus of the Studiervirinae subfamily, and the affiliation of Q19 with an as yet unassigned genus.
The ANI and VIRIDIC calculations point to Pectobacterium phages MA6 and MA1A as other members
of the Pektosvirus genus and to the closeness of their genomes (their intergenomic similarity being
higher than 95% of the species threshold). The intergenomic similarity of phages PP47 and PP81 is also
higher than the species threshold. Thus, PP47 and PP81 can be considered to be strains of the same
species, as well as phages MA6 and MA1A.

The proteomic tree made with ViPTree by BION] clustering of similar predicted protein sequences
belonging to 447 phage genomes of Podoviridae and Autographiviridae families (Figure S1), and manually
curated to correspond to the latest taxonomy (Figure 4), attributes the Pectobacterium phage Q19 to
the Studiervirinae subfamily and also groups phages PP47, PP81, PPWS4, MA6 and MA1A together.
The tree suggests the Escherichia phage SRT7 as a possible closest relative of Pektosvirus phages,
and Pectobacterium phages Jarilo and DU_PP_II as possible closest relatives of phage Q19.
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Figure 3. VIRIDIC generated heatmap of 30 Studiervirinae phages and a representative of the Piedvirus
genus, which is closely related to Studiervirinae. The heatmap incorporates intergenomic similarity
values (right half) and alignment indicators (left half and top annotation). In the right half, the colour
coding allows a rapid visualisation of the clustering of the phage genomes based on intergenomic
similarity. The numbers represent the similarity values for each genome pair, rounded to the first
decimal. In the left half, three indicator values are represented for each genome pair, from top to bottom:
aligned fraction genome 1 (for the genome found in this row), genome length ratio (for the two genomes
in this pair) and aligned fraction genome 2 (for the genome found in this column). Pectobacterium
phages PP47, PP81, PPWS4, MA6 and MA1A are clustered with an intergenomic similarity higher than
the genus threshold of 70%. Pectobacterium phage Q19 has an intergenomic similarity that is lower than
70% compared to any other phage.
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Figure 4. Circular proteomic tree of 447 Podovoridae and Autographiviridae phage genomes, and the
Studiervirinae part of the tree (right) constructed using ViPTree. The branches representing Pectobacterium
phages PP47 and PP81 are coloured red, and the branch representing Pectobacterium phage Q19 is
coloured orange.

The phage genomes possess a number of features which may compromise the accurate deduction
of their evolutionary history [46]. These include a high level of recombination [47,48], mosaicism of the
genome [49,50] and high rate of point mutations, at least for a number of proteins [51,52]. To confirm
preliminary taxonomic conclusions, the phylogeny was carried out using concatenated sequences of
five conserved proteins, namely DNA polymerase, a large subunit of terminase, a head-tail connector
protein, a major capsid protein and a single-strand DNA binding protein. The Bayesian tree obtained
for 31 phages, including 29 Studiervirinae phages, recognised by ICTV as master species, Pectobacterium
phage PP74 and Delphia phage IME-DE1 employed as an outgroup, proposes an evolutionary history
that is somewhat different to that shown in a proteomic tree (Figure 5). This tree, nevertheless,
also groups phages PP47, PP81, PPWS4, M6 and MAT1A as a distinct clade, and points to Escherichia
phage SRT7 representing the genus Foetvirus as a sister group. In agreement with the proteomic tree
and genome similarity measurements, the concatenated protein phylogeny testifies to Pectobacteium
phages Jarilo and DU_PP_II being close relatives of phage Q19.
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Pectobacterium phage Jarilo - Jarilovirus
Pectobacterium phage Q19 - unclassified
Pectobacterium phage DU_PP_II - Unyawovirus
Yersinia phage vB_YenP_AP10 - Apdecimavirus
Enterobacter phage phiEap-1 - Eapunavirus
Klebsiella phage KP32 - Przondovirus
Enterobacteria phage T3 - Teetrevirus
Escherichia phage T7 - Teseptimavirus

Erwinia phage vB_EamP-L1 - Elunavirus
Pectobacterium phage PPA47 - Pektosvirus
Pectobacterium phage PP81 - Pektosvirus
Pectobacterium phage PPWS4 - Pektosvirus
Pectobacterium phage MA1A - unclassified
Pectobacterium phage MA6 - unclassified
Escherichia phage SRT7 - Foetvirus

Morganella phage MmP1 - Minipunavirus

Pasteurella phage PHBO2 - unclassified
Pectobacterium phage PP74 - Berlinvirus
Yersinia phage Berlin - Berlinvirus
Yersinia phage fPS-9 - Helsettvirus
Dickeya phage Ninurta - Ningirsuvirus
Dickeya phage Dagda - Aarhusvirus
Citrobacter phage CR8 - Caroctavirus
Escherichia phage K1F - Kayfunavirus
Pseudomonas phage phi15 - Troedvirus
Pseudomonas phage PPpW-4 - Phutvirus
Pseudomonas phage Pf-10 - Pifdecavirus
Pseudomonad phage gh-1 - Ghunavirus
Pseudomonas phage PspYZUOS - Pijolavirus
Delftia phage IME-DE1 - Piedvirus

Vibrio phage N4 - Chatterjeevirus

Figure 5. Phylogenetic tree obtained with MrBayes, based on concatenated sequences of DNA
polymerase, a large subunit of terminase, a head-tail connector protein, a major capsid protein and a
single-strand DNA binding protein extracted from the genomes of 29 phages, recognised by International
Committee on Taxonomy of Viruses (ICTV) as master species belonging to the Studiervirinae subfamily,
Pectobacterium phage PP74 of the Berlinvirus genus and Delphia phage IME-DE1. Bayesian posterior
probabilities are indicated above their branch. Taxonomic classification is taken from ICTV and is
shown to the right of the organism name. The scale bar shows 0.1 estimated substitutions per site and
the tree was rooted to Delphia phage IME-DET1; of 2,000,000 generations, every 200 generations were
sampled, with an average standard deviation of split frequencies of 0.0027.

Terminase and major capsid protein (MCP) are the two most conserved proteins encoded in
bacteriophage genomes, and they are often used for phage taxonomy purposes [53]. The analysis of
the results of a BLAST search on the protein sequences of Autographiviridae indicated that terminase
can be a better choice for evaluation of the phage evolutionary history than MCP at a large scale,
since this protein seems to be more conservative. For the construction of the phylogeny, use was
made of protein sequences extracted from 100 genomes comprising the representatives of almost all
subfamilies of Autographiviridae and the genera not assigned to any subfamily. The tree (Figure 6)
suggests early divergence of the ancestors of Autographiviridae into two large groups, one of which
contains current Molineuxvirinae, Colwellvirinae, Krylovirinae, Melnykvirinae, Okabevirinae subfamilies and
unassigned genera, with the other group containing the Studiervirinae subfamily and some unassigned
genera. Interestingly, the second group also includes temperate Pelagibacter phages [54] and proposedly
temperate cyanophages [55-57]. These phages can integrate their genomic DNA at tRNA sites, and the
evolutionary branches of these phages are located closer to the root of the tree than those of the
Enterobacteria phage. The topology of the Studiervirinae part of the terminase tree is congruent to the
topology of the concatenated core proteins tree (Figure 5) and assumes the Studiervirinae bacteriophages
infecting Pectobacterium have a multiple origin from different ancestral lines of phages.



Microorganisms 2020, 8, 1707 10 of 27

Pectobacterium phage Jarilo - Jarilovirus
Pectobacterium phage Q19 - unclassified
Pectobacterium phage DU_PP_Il - Unyawovirus
Yersiniaphage vB_YenP_AP10 - Apdecimavirus
Enterobacteria phage T3 - Teetrevirus
Escherichia phage T7 - Teseptimavirus
phage phiEap-1- i
Klebsiella phage KP32 - Przondovirus
Pectobacterium phage MA1A - unclassified
Pectobacterium phage MAG - unclassified
Pectobacterium phage PPWS4 - Pektosvirus
Pectobacterium phage PP47 - Pektosvirus
Pectobacterium phage PP81 - Pektosvirus
Escherichia phage SRT7 - Foetvirus
Erwinia phage vB_EamP-L1 - Elunavirus
Yersinia phage Berlin - Berlinvirus
Pectobacterium phage PP74 - Berlinvirus
Yersiniaphage FPS-9 - Helsettvirus
Morganella phage MmP1 - Minipunavirus
phage PHBO2 -
ya phage Dagda -
Dickeya phage Ninurta - Ningirsuvirus
Pseudomonas phage PF-10 - Pifdecavirus
Pseudomonas phage PPpW-4 - Phutvirus
Pseudomonas phage phi15 - Troedvirus
Pseudomonad phage gh-1 - Ghunavirus
phage PspYZUO8 - Pijolavirus
Citrobacter phage CR8 - Caroctavirus
Escherichia phage K1F - Kayfunavirus
Vibrio phage N4 - Chatterjeevirus
Ralstonia phage philTL-1 - Serkorvirus
Ralstonia phage RSB2 - Kelmasvirus
ja phage RPSC1 - i
Delftiaphage IME-DE1 - Piedvirus
ja phage DU_RP_I -
Rhizobium phage RHEPhO - Paadamvirus
Mesorhizobium phage vB_MIoP_LoSR7ANS - Pairvirus
uncultured phage_MedDCM-OCT-542-C7 - Siequirus
uncultured phage_MedDCM-OCT-546-C10 - Foussvirus
i phage HTVCO19P - ivi
uncultured phage_MedDCM-OCT-528-C10 - Votkovvirus
Pelagibacter phage HTVCO11P - Stopavirus
uncultured phage_MedDCM-OCT-530-C28 - Fussvirus
uncultured phage_MedDCM-OCT-545-C18 - Ayaquirus
Cyanophage P-SSP2 - Tritonvirus
Prochlorococcus virus PSSP7 - Tiamatvirus
Prochlorococcus phage P-GSP1 - Lingvirus
Cyanophage NATL1A-T - Cheungvirus
Synechococcus TT-like virus S-TIP37 - Igirivirus
Synechococcus phage S-RIP2 - Sednavirus
uncultured phage_MedDCM-OCT-545-C4 - Ashivirus
uncultured phage_MedDCM-OCT-528-C3 - Pedosvirus
Synechococcus phage S-CBP3 - Lirvirus
Synechococcus phage S-CBP4 - Poseidonvirus
Synechococcus phage S-B28 - Qadamvirus
Synechococcus phage S-RIP1 - Kajamvirus
Synechococcus virus P60 - Tiilvirus
Synechococcus phage S-CBPA2 - Aegirvirus
Synechococcus virus Syns - Voetvirus
Cyanophage $$120-1 - Banchanvirus
Synechococcus phage S-CBP2 - Kembevirus
Cyanophage 9515-10a - Tangaroavirus
Podovirus Lau218 - Lauvirus
uncultured phage_MedDCM-OCT-531-C1 - Nohivirus
uncultured phage_MedDCM-OCT-537-C6 - Oinezvirus
uncultured phage_MedDCM-OCT-538-C3 - Stopalavirus
uncultured phage_MedDCM-OCT-539-C11 - Krakvirus
Caulobacter phage Lullwater - Lullwatervirus
Sphingomonas phage Scott - Scottvirus
Caulobacter phage Percy - Percyvirus
Aquamicrobium phage P14 - Aqualcavirus
Burkholderia phage Bp-AMP1 -(Okabevirinae) Ampunavirus
Curvibacter phage P260598 - Kalppathivirus
Xylellaphage Prado - Pradovirus
phage PP2
Escherichia phage phiKT - Ermolevavirus
Pseudomonas phage Bf7 - Bifseptvirus
Pseudomonas phage PollyC - Pollyceevirus
Pseudomonas phage VSW-3 - Napahaivirus
it Atu_pho2 -
Rhizobium phage RHEPhO2 - Cuernavacavirus
Phage MedPE-SWcel-C56 - Kafavirus
Alteromonas virus VB_AspP-Ha/4 - Foturvirus
Vibrio phage JSF7 - Tawavirus
Vibrio phage 1.204.0._10N.222.46.F12 - Cyclitvirus
Pantoea phage LIMElight - Limelightvirus
Vibrio phage VP93 - Maculvirus
Klebsiella phage KP34 -(Slopekvirinae) Drulisvirus
Pseudomonas phage C171_PPU_BP -(Corkvirinae) Kantovirus
Acinetobacter phage Acibel007 -(Beijerinckvirinae) Daemvirus
Ralstonia phage RSB3 - Jiaoyazivirus
Ralstoniavirus phiAp1 - Ayakvirus
phage LIMEzero -
phage phikMV -(Krylovirinae)
phage ECBPS - Gaji i
Vibrio phage Vc1 - Colwellvirinae) Gutovirus
Salmonellavirus SP6 -| Zindervirus
Thermus phage phiFa - Siphoviridae; Oshimavirus
Cyprinid herpesvirus 3 - Alloherpesviridae; Cyprinivirus
Halorubrum phage HF2 - Myoviridae

0.1

Autographiviridae, Studiervirinae 7447utographiviridae (" subfamily Archaeal virises Herpesvirales

Figure 6. Phylogenetic tree obtained with MrBayes based on 100 terminase large subunit protein
sequences. Bayesian posterior probabilities are indicated above their branch. Taxonomic classification
is taken from ICTV and is shown to the right of the organism name. The scale bar shows 0.1 estimated
substitutions per site and the tree was rooted to Cyprinid herpesvirus 3; of 2,000,000 generations,
every 200 generations were sampled, with an average standard deviation of split frequencies of 0.012.
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3.3. Proteome Analysis

The proteome studies were conducted with a BLAST search with predicted protein sequences on
Genbank databases. Table S5 contains the data collected from the examination of the genomes with
BLAST searches on Q19, PP47 and PP81 gene products with the Genbank phage database. This data
may demonstrate the complex character of evolutionary relations between these Pectobacterium phages.
The search revealed unique proteins at the level of species and genera. In addition, the results of
the BLAST examination pointed to the presence of proteins unique to several taxonomically distant
Pectobacterium phages or proteins, which have more similarities in primary sequence with phages
from comparatively taxonomically distant groups infecting Pectobacterium, than to taxonomically
closer phages infecting other hosts. The list of proteins typical for Pectobacterial phages includes
putative RNA polymerase 054 factor (Q19 gp2) possessing a structural similarity to E. coli 654 factor
(HHpred probability 94%), tail spike protein, tRNA-nucleotidyltransferase and minor capsid protein.
tRNA-nucleotidyltransferase and tail spike protein sequences collected the largest number of homologs
from Pectobacterium phages of other taxa (right column in Table S5).

Interestingly, the results of a BLAST search using the nr/nt NCBI database demonstrated a
greater similarity between some Pectobacteruim phage proteins and their bacterial homologs than that
between Pectobacteruim phage proteins and non-Pectobacteruim phage proteins. This might have been a
consequence of horizontal transfer. A BLAST search of the Genbank bacterial database indicated the
presence of bacterial homologs for 25 of the 50 predicted proteins of Q19 and for 26 of the 55 predicted
proteins of PP47. The list of these homologs contained the proteins encoded in all three phage genome
regions (early, middle and late).

3.4. Genomic Analysis

Pectobacterium phages PP47 (Genbank accession KY250035), PP81 (accession KY124276) and Q19
(accession MK290739) have linear dsDNA genomes of 40,995 bp, 40,751 bp and 40,227 bp, respectively.
The GC content of Q19 genome was 49.7% and the GC content of PP47 and PP81 was 48.9%. This is
slightly less that the CG content (51.8-52.0%) of bacterial hosts with sequenced genomes. The genomes
of PP47, PP81 and Q19 encoded 55, 54 and 50 predicted gene products (gp), respectively. The genomes
were flanked with terminal repeats with a size of 151 bp (PP47, PP81) and 222 bp (Q19). The BLAST
comparison of genes indicated that the genomes of PP47 and PP81 are very similar—the only difference
in gene content is an extra gene22 in PP47, encoding a hypothetical protein. The homologs of
gp22 were present in related Pectobacterium phages MA6 and MA1A but were not found in other
phages. The Q19 phage genome appears to be more distinct from PP47 and PP81. Genomic maps of
the phages are shown on Figure 7.

Generally, the genome organisation of phages PP47, PP81 and Q19 is typical for sensu lato
T7-like phages, now comprising the subfamily Studiervirinae within the family Autographiviridae.
Unidirectional open reading frames can be divided into three major functional regions, relating to host
conversion, DNA metabolism and particle formation. The location of predicted promoters is close
for genomes of phages PP47/81 and Q19 (Figure 7) and is similar to the corresponding promoter site
arrangement in the genome of the model phage T7 [58].

The structural blocks of all three phages are very similar and encode 12 proteins with predicted
function and high similarity among Studiervirinae phages. The only exception is a putative minor
capsid protein encoded downstream of a major capsid protein gene. It has no homologs in T7 but is
similar to predicted minor capsid proteins in some Studiervirinae phages, including Citrobacter phage
CR8 and Klebsiella phage KP32, belonging to genera Caroctavirus and Przondovirus, respectively.
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Figure 7. Genetic map of phages PP47 and Q19. The colors of different functional modules are as follows:
yellow, morphogenesis; red, replication, transcription and nucleic acids processing; green, packaging;
purple, lysis proteins; blue, regulation of host defense and metabolic processes; orange, terminal repeats;
grey, hypothetical proteins. Putative transcriptional promoters, predicted with Phage Promoters,
are shown above each sequence (presented as a black line) and colored cyan. Numbers above the
sequences show the position in genomes. Genes’ names are as follows: SAMH, S-adenosyl-L-methionine
hydrolase; RPSF, RNA polymerase 054 factor; FtsZI, cell division FtsZ inhibitor; STPK, seryl-threonyl
protein kinase; RNAP, DNA-directed RNA polymerase; LIG, DNA ligase; NK, nucleotide kinase; IHRP,
inhibitor of host bacterial RNA polymerase; ssDBP, ssDNA-binding protein CDS; EnN, endonuclease I;
LYS, lysozyme, N-acetylmuramoyl-L-alanine amidase; PH, DNA primase/helicase; HEL, DNA helicase;
ITA, inhibitor of toxin/antitoxin system; NT, nucleotidyltransferase; DNAP, DNA polymerase; HNSBP,
H-NS and tRNA binding protein CDS; RPSFI, host RNA polymerase 670 factor inhibitor; ExN, 5’-3
exonuclease; HNH, HNH endonuclease; TAP, tail assembly protein; HTC, head-tail connector protein;
CAP, capsid assembly protein; MCP, major capsid protein; mCP, minor capsid protein; TTPA, tail tubular
protein A; TTPB, tail tubular protein B; IVPA, internal virion protein A; IVPB, internal virion protein B;
IVPC, internal virion protein C; IVPD, internal virion protein D; TSP, tail spike protein, SGNH hydrolase
domain-containing protein; HOL, class II holin; terS, terminase small subunit; Rz, Rz lysis protein; Rz1,
Rz1 lysis protein; terL, terminase large subunit.

The products of early genes are often produced immediately after infection and protect the
bacteriophage DNA from bacterial defense mechanisms or adapt the host-cell metabolism to establish
an efficient infection cycle [59]. These genes are most diverse within the subfamily, and the
composition of the first block of genes differs for PP47/PP81 and Q19. All three phages encoded
S-adenosyl-L-methionine hydrolase (first predicted gene in the genomes, gp1), homologous hypothetical
proteins (gp2 in PP47/PP81 and gp3 in Q19) and serine/threonine kinase (gp4 in PP47/PP81 and gp5 in
Q19). The difference in the composition of the products of early genes is the presence of a predicted cell
division inhibitor FtsZ (gp3 in PP47/PP81) [60] which has no obvious homologs in the Q19 predicted
proteome. Conversely, the genome of Q19 (but not PP47/PP81) encodes a putative RNA polymerase o
factor that has structural homology with bacterial 054 enhancer-dependent 054 transcription factor [27],
revealed by HMM-HMM search with HHpred (PDB entry: 5ui5; Probability: 94.35%; E-value: 0.67;
Score: 37.59). One other hypothetical protein, gp4, encoded in the early gene block of Q19, also has no
phage homologs or similar structural proteins.

The middle (nucleic acid metabolism) genome regions of PP47, PP81 and Q19 are closely related.
The hallmark of the Studiervirinae subfamily, a single subunit, DNA-dependent RNA-polymerase
located in the left-most part of this region, is very conservative in all three phages. The gene for
nucleotide kinase (PP47/PP81 gp18) homologous to the T7 gene 1.7 product is an enzyme distant from
all other nucleotide kinases and is able to phosphorylate both dTMP and dGMP independent of divalent
cations [61]. This gene was missing in Q19, as was a putative HNH endonuclease (PP47 gp38 and
PP81 gp37) located at the end of the middle genome region.

Several small hypothetical proteins were present in PP47/81 and missing in Q19, or vice
versa. Putative CCA-nucleotidyltransferases (tRNA nucleotidyltransferases) of PP47 (gp28) and
PP81 (gp29) share 99% of amino acid identity, while the Q19 gp24 with the same function has only
48% amino acid identity with CCA-nucleotidyltransferases of PP47/81. These gene products have
no direct analogues in type phage T7 and are encoded in a few Studiervirinae phages. However,
many Autographiviridae phages infecting Pectobacterium, even attributed to different subfamilies and
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genera, do have CCA-nucleotidyltransferases in their predicted proteome. This feature is discussed
below, as a possible hallmark of Pectobacterial Autographiviridae.

The genome comparison map made with TBLASTX comprising Pectobacterium phages Q19,
PP47 and PP81, and phages Jarilo, Klebsiella phage KP32 and Escherichia phage T7 as representatives
of different genera of Studiervirinae, confirms the similarity of the genomes in the regions encoding
replication, structural packaging and lysis blocks (Figure 8). Non-homologous parts of the genomes
are located mainly in the early gene block, hypothetical proteins of the middle region and tail spike/tail
fiber proteins.

Klebsiella phage KP32
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3 2 9 25 22 9 9 2 g 83 &8 &8 ZZ =z El g 23 8
3 z =4 62 aa =4 =4 ° o S 2 = = T3 @ @ o 38 3
=S > > 25 68 > > 3 8 @29 gz g 33 3 3 e 32§ 2
e 3 & 28 2§ 2 3 5 5 25 g g2 83 1 5 ¥ 23 3
g s 2 g5 2% 3 g 2 S 88 § 3§ ss = < 5 8= 8

= 5 2 & 33 = ES il
E] 3 @® =2 2 7} 3 4 S ° 2 5 o Sle) =) 5] 2 ¢% 3
< e 52 2 o e El 3 = 3 g 355 S S Z 25 &5
° 2 25 H & 3 T2 g% & Ts g ° g bo §
S ] 335 = o g =g 3 35 98¢ S S S 93 o
T S I g =T &8 3 > 88 B 3 2N
ES E 4 g 83 *» ® 55 5 5 g3 £
z 3 % 2 > ® e} o El 2
% 4 5
3

28% 100%

Figure 8. Genome sequence comparison among six Studiervirinae viral genomes exhibiting co-linearity
detected by TBLASTX. The percentage of sequence similarity is indicated by the intensity of the
grey color. Vertical blocks between analyzed sequences indicate regions with at least 28% similarity.
Nucleic acid-processing genes are colored green, morphogenesis and packaging genes are colored blue
and lysis genes are colored yellow. The most significant differences are observed for tail proteins and a
number of hypothetical proteins of early and middle regions.
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3.5. Tail Spike Proteins

Bacteriophage tail spike and tail fibre proteins play an important role in the phage, serving as
receptor-binding proteins (RBP). Besides the function of receptor recognition, they can participate in
binding and degrading lipopolysaccharides or polysaccharide capsules [51,62,63]. Some tail spikes
are known to depolymerize surface polysaccharides of the host, while others show no enzymatic
activity and others can deacetylate surface polysaccharides leaving the backbone of the polysaccharide
intact [43,64]. The composition and structure of these RBPs are related to the host spectrum [51,65].

The bacteriophage E. coli T7 tail fibre is a protrusion which is about 16 nm long and 2 nm in
diameter, consisting of a homo-trimer of the viral protein gp17. This protein is responsible for initial
reversible host cell recognition. The following irreversible interaction with the bacterial membrane is
probably mediated by one or more of the tail-tube proteins [66,67]. The tail fibers of phage T7 possess
a modular structure and share a conserved N-terminal domain of ~140 residues that anchor the tail
fibre to the phage particle. Tail fibre proteins of T7-like phages are examples of a horizontal transfer
of the C-terminal receptor-binding (RBP) domain [68]. The tail spike protein of Enterobacteria phage
KI1F, belonging to the Autographiviridae family, also possesses a modular structure with a C-terminal
chaperone protein mediating homodimerization and proper folding of the catalytic endo-N trimer [69].

Tail spikes of phages PP47, PP81 and Q19, as predicted by HMM-HMM and a BLAST homologs
search, contain two identifiable parts. The N-terminal part (residues 1-159 in Q19) is structurally
similar to the T7 fibre. The central part (residues 163-589 in Q19) structurally resembles the SGNH
hydrolase domain and supposedly possesses deacetylation activity. This SGNH hydrolase domain is
structurally similar to the gp63.1 tail spike protein of N4-like phage Escherichia phage vB_EcoP_G7C
(HHpred Probability: 99.85%; E-value: 5.7 x 10718; Score: 210.69), which is responsible for host cell
recognition and attachment. G7C gp63.1 deacetylates the O-antigen of E. coli 4s lipopolysaccharide [64].
G7C gp63.1 is attached to the phage tail via gp66, which also participates in host cell binding.
The homology modelling and structure comparison identifies the presence of the SGNH domain
and the structural similarity of the central domains of these three phages’ tail spikes. The modelled
structures demonstrate the presence of the SGNH hydrolase hallmark of a three-layer alpha/beta/alpha
structure, where the 3-sheets are composed of five parallel strands and contain catalytic residues
Ser, Gly, Asn and His, which are conservative for SGNH hydrolases (shown in Figure S2) [70-72].
Homology recognition server Phyre2 (http://www.sbg.bio.ic.ac.uk/phyre2/) pointed to the structure of
SGNH esterase (CEX) from a commensal gut bacterium as being the closest known structure (PBD
structure 6hfz, confidence 100% for more than 70% of residues of C-domain) (Figure 9). A biological
understanding of the removal of acetyl groups from 3-mannan by esterase (CEX) is a key step toward
efficient utilisation of this glycan [73].

The BLAST examination using the Genbank phage database indicated closer similarities of
TSP from PP47, PP81, MA6, MA1A and PPWS4 to each other, than to other Studievirinae phages of
Pectobacterium hosts. Moreover, the central part of the primary sequences of PP47, PP81 and Q19 tail
spikes resemble proteins from Pectobacterium phages that are comparatively distant from PP47/PP81 and
Q19, and that belong to Corkvirinae, Melnykvirinae and Molineuxvirinae. Interestingly, the tail spikes/fibre
protein sequences from some phages, which were closer to Pektosvirus and Q19 in evolutionary
terms, such as Pectobacterium phages Jarilo and DU_PP_II, demonstrated less similarity than those
Pectobacterium phages belonging to Corkvirinae, Melnykvirinae and Molineuxvirinae. The homology
modelling, the comparison of primary and secondary structure, indicated a discontinuous variation in
tail spike/fibre proteins in the evolution of Pectobacterium Autographiviridae phages (Figure S3).
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CEX esterase

Figure 9. Upper picture: 3D homology modelling of tail spike proteins of Pectobacterium phages Q19,
PP47 and PP81, and PDB structure of SGNH domain of bacterial esterase (CEX) active on acetylated
mannans PDB structure 6hfz. Lower picture: 3D-alignment of modelled Q19, PP47 and PP81 tail spike
SGNH domains, with SGNH domain of bacterial esterase (CEX) as a template. In the upper picture,
the five parallel 3-sheets intrinsic for all SGNH are colored yellow; the other (3-sheets are colored blue,
a-helices are colored red and coils are colored green.

To understand the nature of the evolution of Studiervirinae Pectobacterium phage tail spikes,
BLAST searches of protein sequences of N-part and SGNH-like domains obtained from HHpred
alignment on nr/nt and Genbank bacterial databases were conducted. The searches revealed
homologous sequences in the genomes of several pathogenic Pectobacterium strains, including strains
of P. brasiliense and P. versatile, as well as in a number of other bacteria. It has been demonstrated
experimentally that P. brasiliense and P. versatile serve as natural hosts for phages PP47, PP81 and Q19.
The phylogenetic trees constructed with these sequences demonstrate the different evolutionary history
of the T7-like N-part domain and the G7C-like SGNH domain (Figures 10 and 11), suggesting the
possible role of horizontal transfer in the formation of PP47, PP81 and Q19 tail spikes. Pectobacterium
hosts of the ancestors of the phages could participate in the transfer.

Interestingly, the location of the genes of SGNH-domain proteins, homologous to Q19 and
PP47/81 tail spike proteins, in the genomes of phages of other Autographiviridae subfamilies is different.
The genomes of Pectobacterium phages PP1 and POP72 of the Molineuxvirinae subfamily contained
comparatively short 969 bp tail fibre protein genes at the end of the structural blocks and 1803 bp
SGNH-domain proteins at the end of the genomes (Figure 12A). Meanwhile, the position of both
tail spike protein (TSP) genes and tail fibre protein (TFP) genes is conserved in the genomes of
all Pectobacterium Studiervirinae phages, between the genes of internal virion protein D and holin.
The genome of Pectobacterium phage PP74 [12] includes two genes of TFP. The 100 aa-long C-end
segment of the first TFP shares significant homology with the N-part of the second TFP. HMM-HMM
analysis demonstrated that TFP1 resembles the first half of T7 TFP, and TFP2 the second half. Tail fibre
proteins of Pectobacterium phages Jarilo and DU_PP_II also seem to resemble the T7 TFP in terms of
structure (HHpred probability 100%). Thus, two typical structures of tail spike/fibre proteins can be
distinguished for Pectobacterium Studiervirinae phages—T7-like tail fibre proteins for phages Jarilo,
DU_PP_II and, possibly, PP74, and tail spike proteins with T7-like N-domain and SGNH-hydrolase
containing C-domain for phages Q19, PP47, PP81, PPWS4, MA6 and MA1A.
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Figure 10. Phylogenetic tree obtained with MrBayes, based on amino acid sequences of the N-domain of
tail fibre/tail spike proteins and homologous sequences obtained by a BLAST search of Genbank phage

and bacterial databases. Bayesian posterior probabilities are indicated above their branch. The scale

bar shows 0.05 estimated substitutions per site and the tree was rooted to Megasphaera hexanoica; of

2,000,000 generations, 200 generations were sampled, with an average standard deviation of split

frequencies of 0.011.
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Figure 11. Phylogenetic tree obtained with MrBayes, based on amino acid sequences of the central
domain of tail fibre/tail spike proteins and homologous sequences obtained by a BLAST search of
Genbank phage and bacterial databases. Bayesian posterior probabilities are indicated above their
branch. The scale bar shows 0.2 estimated substitutions per site and the tree was rooted to Sinorhizobium
meliloti BL225C plasmid; of 2,000,000 generations, 200 generations were sampled, with an average
standard deviation of split frequencies of 0.0062.

The SGNH-domain proteins found in Pectobacterium bacteria are located within conserved regions,
which also include recombination protein RecR and conjugal transfer protein TraB genes possibly
involved in the recombination processes (Figure 12B).
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Figure 12. (A) Simplified genetic maps of Pectobacterium Studiervirinae phages PP47, PP81, PPWS4, MA6,
MA1A, Q19, Jarilo, DU_PP_II and PP74, and phages PP1 and POP72. (B) Regions of Pectobacterium
aroidearum PC1 and Pectobacterium polaris PZ1 containing the genes of SGNH-domain proteins,
homologous to Q19 and PP47/81 tail spike proteins. The colors of different genes are as follows:
orange, tail spike protein; green, tail fibre protein; cyan, tail tubular protein B; blue, holin; dark-blue,
HNH endonuclease; yellow, nucleotidyltransferase; purple, recombination protein RecR and conjugal
transfer protein TraB; grey, other genes. Putative functions of genes are given according to Genbank
annotations and BLAST search (Tables S6-S8).

3.6. tRNA-Nucleotidyltransferase

tRNA-nucleotidyltransferase (CCA-nucleotidyltransferase) is an ancient enzyme with an
unusual mechanism of polymerisation, adding nucleotide triplet CCA to the 3’-end of tRNAs [74].
tRNA-nycleotidyltransferases, together with similar (by primary sequence and structurally) poly(A)
polymerases, comprise a single large superfamily and can be divided into three classes, exhibiting no
strong homology to one another: archaeal CCA-adding enzymes, bacterial and eukaryotic CCA-adding
enzymes and bacterial poly(A) polymerases [75].

Analysis of annotations of Genbank genomes shows that tRNA-nucleotidyltransferase genes have
been found in many bacteriophages, including 18 Studiervirinae phages, but, as found by BLAST search,
the real number of phage genomes containing CCA-nycleotidyltransferase is higher because of a lack
of annotation. Remarkably, a significant part of these phages infects Pectobacterium and evolutionary
related plant pathogenic Dickeya species. It was also not possible to identify homologous genes in most
of Studiervirinae and Autographiviridae genomes, nor did the analysis find proteins homologous to Q19,
PP47 and PP81 putative tRNA-nycleotidyltransferases among bacteria and organisms of other kingdoms
of life. However, HMM-HMM comparison demonstrated the high structural similarity of the models of
these enzymes to bacterial and eukaryotic mitochondrial tRNA-nycleotidyltransferases. Interestingly,
homologous modelling indicated a structural similarity between tRNA-nycleotidyltransferase from
Pectobacterium phage PP47 and the tRNA-nycleotidyltransferase domain of a bacterial enzyme from
Pectobacerium aroidearum PC1, in spite of the lack of any significant primary sequence similarity
(Figure 13).
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Figure 13. (A) 3D structure homology modelling of tRNA-nycleotidyltransferase from Pectobacterium
phage PP47. The model is colored based on a rainbow gradient scheme, where the N-terminus of the

polypeptide chain is colored blue and the C-terminus is colored red. (B) 3D-alignment of modelled
tRNA-nycleotidyltransferase from Pectobacterium phage PP47 (colored blue) and Pectobacerium aroidearum
PC1 (colored sand).

BLAST examination of Q19, PP47 and PP81 tRNA-nucleotidyltransferases demonstrated the
sequence similarity of tRNA-nucleotidyltransferase of Pectobacterium phages belonging to various
distant Autographiviridae taxa. The phylogenetic analysis performed with extracted, annotated and
homologous proteins grouped the tRNA-nycleotidyltransferase sequences belonging to Q19, Pektosvirus
and Unyawovirus of the Studiervirinae subfamily in one clade with Corkvirinae, Melnykvirinae,
Molineuxvirinae and Slopekvirinae, and separately from other Studiervirinae sequences (Figure 14).
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Figure 14. Phylogenetic tree obtained with MrBayes, based on amino acid sequences of
tRNA-nucleotidyltransferase and homologous sequences obtained by a BLAST search of Genbank
phage databases. Bayesian posterior probabilities are indicated above their branch. The scale bar
shows 0.2 estimated substitutions per site and the tree was rooted to Pantoea phage LIMEzero; of
2,000,000 generations, every 200 generations were sampled, with an average standard deviation of split
frequencies of 0.0071.

4. Discussion

4.1. Origin, Phylogeny and Taxonomy

The whole-genome comparisons, including VIRIDIC and ANI, as well as phylogenetic studies,
indicate that Pectobacterium bacteriophages of the Studiervirinae subfamily have a complex origin,
comprising several independent lines of descent. From this point of view, they share a common feature
of phages, noted by Hans-Wolfgang Ackermann: “Bacteriophages are polyphyletic, arose repeatedly
in different hosts” [76]. At the moment, they include the genera of Pektosvirus (line 1), “Q19-virus”,
Jarilovirus, Unyawovirus (line 2) and Pectobacterium phage PP74 (Berlinvirus) (line 3). “Q19-virus”,
Jarilovirus and Unyawovirus seem to form a monophyletic group, and Yersinia phage vB_YenP_AP10 of
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the Apdecimavirus genus appears to be their closest related classified phage. Phages PP47 and PP81,
together with Pectobacterim phages PPWS4, MA6 and MA1A, form the genus of Pektosvirus. Escherichia
phage SRT of the Foetvirus genus appears to be the closest known relative of Pektosvirus phages and
shares with them the last common ancestor.

According to ICTV rules, phages PP47 and PP81 seem to be two strains of the same species,
since their intergenomic similarity is higher than 95%. MA6 and MA1A Pektosvirus phages can
be strains of the same species clonal group. Phage PP47 differs from PP81 in terms of proteome
composition, although these phages are members of the same clonal group—the PP47 genome contains
one more gene-encoding hypothetical protein that may affect the observed course of infection. Actually,
PP47 and PP81 do have differences in behaviour, e.g., in infection cycle.

The origin of Studiervirinae is related to the early divergence of Autographiviridae into two large
clades, one of which includes modern Studiervirinae phages, cyanophages, Pelagibacter phages and other
groups, as may concluded from terminase (Figure 6) and proteome (Figure 4 and Figure S1) phylogeny.

4.2. Genome, Adsorption Apparatus and Horizontal Transfer

The genome organization of Q19, PP47, PP81 and other Pectobacterium Studiervirinae phages
shares many common features with T7, T3 and other related phages, but also has specific variations,
including the presence of unique genes at the level of both genera and species, the length and
composition of terminal repeats and non-coding sequences, and small variations in GC-content.

While the genome organization and protein composition of Pectobacterium Studiervirinae phages
have much in common with their phylogenetic relatives, the phages share similarities in a number
of proteins with other taxonomically distant Pectobacterium phages. Probably, those proteins
can be important in terms of specificity to the Pectobacterium host. An intriguing example
of tRNA-nucleotidyltransferase found in 37 of 46 Pectobacterium phages belonging to different
Autographiviridae subfamilies, and only in 60 of more than 500 remaining Autographiviridae phages,
raises questions about the role of this enzyme in phage infection and the possibility to use this finding
for practical purposes. The presence of tRNA-nucleotidyltransferase in the bacterial genome was
shown to have importance for phage reproduction [77]. tRNA-nucleotidyltransferases participate in
various processes in the cell and influence bacterial growth [78,79] and interact with other bacterial
proteins [80]. The biological functions, origin and evolution of tRNA-nucleotidyltransferase and other
specific genes of Pectobacterium phages can be studied in further research.

We suggest that at least some Pectobacterium phage specific proteins were acquired by horizontal
transfer, which contributes significantly to phage evolution [52,81-84]. Bacteriophages can mediate
the processes involved with horizontal transfer in bacteria [82,83,85] and bacteriophage-mediated
horizontal transfer can override the mutations [84]. It has been shown that processes such as
recombinations in phage genomes [52] and point mutations also drive phage evolution [86]. It would
be interesting to study the possible effects of convergent evolution on Pectobacterium phage genes.

The adsorption apparatus has a special meaning for host specificity [87-91] and the mechanism
of developing such specificity to certain hosts is a matter of fundamental and applied interest.
Horizontal transfer of tail fibre (tail spike) protein modules appears to be an important instrument for
adaptation to new hosts [68,89]. As has been shown by the homology search, and by the structural and
phylogenetic analysis, of the current research, Pectobacterium tail spike proteins can be formed with the
assistance of horizontal transfer and the involvement of Pectobacterium hosts. Further research into
various aspects of the evolution of adsorption apparatus can facilitate phage therapy.

5. Conclusions

Pectobacterium bacteriophages of the Studiervirinae subfamily have a complex origin. There are
three independently evolved lines that can be distinguished. One of monophyletic group includes
Pectobacterium phages Q19, phage Jarilo of the Jarilovirus genus and DU_PP_II of the Unyawovirus
genus. Another group comprises Pectobacterium phages PP81, PP47, PPWS4, M6A and MA1A of the
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Pektosvirus genus and the third group is represented by Pectobacterium phage PP74 of the Berlinvirus
genus. Phage Q19 represents a new genus not previously described. Phages PP47 and PP81, as well
as phages M6A and MA1A, seem to represent clonal groups. Phages Q19, PP47 and PP81 infect a
broad spectrum of related Pectobacterium hosts and possess a similar tail spike protein, which could
be the consequence of exchange with other phages infecting Pectobacterium hosts with participation
of bacterial hosts. Horizontal transfer can be the reason for the similarity of a number of genes
of taxonomically distant Pectobacterium phages. Studying the processes of genome formation and,
in particular, the adsorption apparatus can assist the search for, and design of, new phages for effective
phage therapy.

Supplementary Materials: The following are available online at http://www.mdpi.com/2076-2607/8/11/1707/s1:
Figure S1: Proteomic tree of 447 Podovoridae and Autographiviridae phage genomes constructed using ViPTree.
Figure S2: Alignment of secondary structures of phage tail spike proteins and SGNH-hydrolase made with UCSF
Chimera, and possible active centre and conserved residues (circled with red) found by comparison with published
structures. Figure S3: 3D structures of tail spike and tail fibre proteins of Pectobacterium phages Q19, Jarilo,
DU_PP_II, PP47, PP81 and PPWS4 obtained by homology modelling and MAFFT alignment of primary sequences
of tail spike and tail fibre proteins, and distance matrix for the proteins. Jarilo and DU_PP_II are suggested to be the
closest relatives of Q19, and phages PP47, PP81 and PPWS4 are the members of the Pektosvirus genus. The models
are colored based on a rainbow gradient scheme, where the N-terminus of the polypeptide chain is coloured
blue and the C-terminus is colored red. Table S1: Infectious range of Pectobacterium phages PP47, PP81 and Q19.
Table S2: Average nucleotide identity (ANI) between Pectobacterium phage PP47 and all Autographiviridae phage
genomes deposited in the NCBI GenBank (threshold 0.5). Table S3: Average nucleotide identity (ANI) between
and all Autographiviridae phage genomes deposited in the NCBI GenBank (threshold 0.5). Table S4: Average
nucleotide identity (ANI) between Pectobacterium phage Q19 and all Autographiviridae phage genomes deposited
in the NCBI GenBank (threshold 0.5). Table S5: The results of the BLAST examination of Q19 and PP47 gene
products using the Genbank phage database (Bit-score > 40). Table S6: Functional assignments of Pectobacterium
phage PP47 genes. Table S7: Functional assignments of Pectobacterium phage PP81 genes. Table S8: Functional
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Author Contributions: Conceptualization, P.V.E., AN.I. and K.A.M.; methodology, P.VE., A.A.L.,, MM.S.
and E.E.K; validation, M.M.S., A/ AL, KK.M. and K.A.M.; formal analysis, PV.E., A.A.L., M.M.S. and K.A.M,;
investigation, PV.E., A AL, A AK,MM.S, ENB, EEK, APK. and S.V.T,; resources, A.N.I. and K.A.M.; data
curation, PV.E., A.A L. and K.K.M.; writing—original draft preparation, P.V.E., A.A.L. and K.A.M.; writing—review
and editing, A N.I.and K.A.M,; visualization, PV.E., A.A L. and K.K.M.; supervision, K.A.M.; project administration,
K.A.M,; funding acquisition, K.A.M. All authors have read and agreed to the published version of the manuscript.

Funding: This research was supported by Russian Science Foundation grant #16-16-00073.

Conflicts of Interest: The authors declare no conflict of interest. The funders had no role in the design of the
study; in the collection, analyses, or interpretation of data; in the writing of the manuscript; or in the decision to
publish the results.

References

1.  Czajkowski, R.; Pérombelon, M.C.M.; Van Veen, J.A.; Van der Wolf, ]. M. Control of blackleg and tuber soft
rot of potato caused by Pectobacterium and Dickeya species: A review. Plant. Pathol. 2011, 60, 999-1013.
[CrossRef]

2. Pérombelon, M.C.M. Potato diseases caused by soft rot erwinias: An overview of pathogenesis. Plant. Pathol.
2002, 51, 1-12.

3.  Ma, B,; Hibbing, M.E.; Kim, H.-S.; Reedy, R.M.; Yedidia, I.; Breuer, ].].; Breuer, ].].; Glasner, ].D.; Perna, N.T.;
Kelman, A.; et al. Host range and molecular phylogenies of the soft rot enterobacterial genera pectobacterium
and dickeya. Phytopathology 2007, 97, 1150-1163. [CrossRef] [PubMed]

4. Motyka, A.; Zoledowska, S.; Sledz, W.; Lojkowska, E. Molecular methods as tools to control plant diseases
caused by Dickeya and Pectobacterium spp: A minireview. New Biotechnol. 2017, 39, 181-189. [CrossRef]
[PubMed]

5. Svircev, A.; Roach, D.; Castle, A. Framing the future with bacteriophages in agriculture. Viruses 2018, 218.
[CrossRef] [PubMed]

6.  Sillankorva, S.M.; Oliveira, H.; Azeredo, ]. Bacteriophages and their role in food safety. Int. |. Microbiol. 2012,
2012, 863945. [CrossRef] [PubMed]


http://www.mdpi.com/2076-2607/8/11/1707/s1
http://dx.doi.org/10.1111/j.1365-3059.2011.02470.x
http://dx.doi.org/10.1094/PHYTO-97-9-1150
http://www.ncbi.nlm.nih.gov/pubmed/18944180
http://dx.doi.org/10.1016/j.nbt.2017.08.010
http://www.ncbi.nlm.nih.gov/pubmed/28847714
http://dx.doi.org/10.3390/v10050218
http://www.ncbi.nlm.nih.gov/pubmed/29693561
http://dx.doi.org/10.1155/2012/863945
http://www.ncbi.nlm.nih.gov/pubmed/23316235

Microorganisms 2020, 8, 1707 23 of 27

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.
22.

23.

24.

25.

26.

27.

28.

Zaczek, M.; Weber-Dabrowska, B.; Gorski, A. Phages in the global fruit and vegetable industry. J. Appl.
Microbiol. 2015, 118, 537-556. [CrossRef] [PubMed]

Buttimer, C.; McAuliffe, O.; Ross, R.P; Hill, C.; O’'Mahony, ].; Coffey, A. Bacteriophages and Bacterial Plant
Diseases. Front. Microbiol. 2017, 8, 34. [CrossRef] [PubMed]

Czajkowski, R.; Ozymko, Z.; Lojkowska, E. Isolation and characterization of novel soilborne lytic
bacteriophages infecting Dickeya spp. biovar 3 (‘D. solani’). Plant. Pathol. 2014, 63, 758-772. [CrossRef]
Carstens, A.B.; Djurhuus, A.M.; Kot, W.; Hansen, L.H. A novel six-phage cocktail reduces Pectobacterium
atrosepticum soft rot infection in potato tubers under simulated storage conditions. FEMS Microbiol. Lett.
2019, 366, 197-i104. [CrossRef]

Adriaenssens, E.M.; van Vaerenbergh, J.; Vandenheuvel, D.; Dunon, V.; Ceyssens, PJ.; de Proft, M.;
Kropinski, A.M.; Noben, J.P.; Maes, M.; Lavigne, R. T4-related bacteriophage LIMEstone isolates for the
control of soft rot on potato caused by “Dickeya solani”. PLoS ONE 2012, 7, e33227. [CrossRef] [PubMed]
Voronina, M.V.; Bugaeva, E.N,; Vasiliev, D.N.; Kabanova, A.P.; Barannik, A.P,; Shneider, M.M.; Kulikov, E.E.;
Korzhenkov, A.A.; Toschakov, S.V.; Ignatov, A.N.; et al. Characterization of Pectobacterium carotovorum
subsp. carotovorum Bacteriophage PP16 Prospective for Biocontrol of Potato Soft Rot. Mikrobiologiia 2019,
13, 458-469. [CrossRef]

Hyman, P.; Abedon, S.T. Bacteriophage host range and bacterial resistance. Adv. Appl. Microbiol. 2010, 70,
217-248. [CrossRef] [PubMed]

Chan, B.K.; Abedon, S.T.; Loc-Carrillo, C. Phage cocktails and the future of phage therapy. Future Microbiol.
2013, 8, 769-783. [CrossRef]

Adeolu, M.; Alnajar, S.; Naushad, S.; Gupta, R.S. Genome-based phylogeny and taxonomy of the
“Enterobacteriales’: Proposal for enterobacterales ord. nov. divided into the families Enterobacteriaceae,
Erwiniaceae fam. nov., Pectobacteriaceae fam. nov., Yersiniaceae fam. nov., Hafniaceae fam. nov., Morgane.
Int. J. Syst. Evol. Microbiol. 2016, 66, 5575-5599. [CrossRef]

Zhang, Y.; Fan, Q.; Loria, R. A re-evaluation of the taxonomy of phytopathogenic genera Dickeya and
Pectobacterium using whole-genome sequencing data. Syst. Appl. Microbiol. 2016, 39, 252-259. [CrossRef]
Adriaenssens, E.M.; Sullivan, M.B.; Knezevic, P; van Zyl, L.J.; Sarkar, B.L.; Dutilh, B.E.; Alfenas-Zerbini, P,;
Lobocka, M.; Tong, Y.; Brister, ] R.; et al. Taxonomy of prokaryotic viruses: 2018-2019 update from the ICTV
Bacterial and Archaeal Viruses Subcommittee. Arch. Virol. 2020. [CrossRef]

Walker, PJ.; Siddell, S.G.; Lefkowitz, E.J.; Mushegian, A.R.; Adriaenssens, E.M.; Dempsey, D.M.; Dutilh, B.E,;
Harrach, B.; Harrison, R.L.; Hendrickson, R.C.; et al. Changes to virus taxonomy and the Statutes ratified by
the International Committee on Taxonomy of Viruses (2020). Arch. Virol. 2020. [CrossRef] [PubMed]
Clokie, M.R.J.; Kropinski, A.M. Bacteriophages: Methods and Protocols Volume 1: Isolation, Characterization,
and Interactions; Humana Press: Leicester, UK, 2009; ISBN 9781588296825.

Hyatt, D.; Chen, G.-L.; Locascio, PF; Land, M.L.; Larimer, EW.; Hauser, L.J. Prodigal: Prokaryotic gene
recognition and translation initiation site identification. BMC Bioinform. 2010, 11, 119. [CrossRef] [PubMed]
Seemann, T. Prokka: Rapid prokaryotic genome annotation. Bioinform. 2014, 30, 2068-2069. [CrossRef]
Schattner, P.; Brooks, A.N.; Lowe, T.M. The tRNAscan-SE, snoscan and snoGPS web servers for the detection
of tRNAs and snoRNAs. Nucleic Acids Res. 2005, 33. [CrossRef]

Laslett, D.; Canback, B. ARAGORN, a program to detect tRNA genes and tmRNA genes in nucleotide
sequences. Nucleic Acids Res. 2004, 32, 11-16. [CrossRef]

Sampaio, M.; Rocha, M.; Oliveira, H.; Dlas, O.; Valencia, A. Predicting promoters in phage genomes using
PhagePromoter. Bioinformatics 2019, 35, 5301-5302. [CrossRef] [PubMed]

Delcher, A.L.; Harmon, D.; Kasif, S.; White, O.; Salzberg, S.L. Improved microbial gene identification with
GLIMMER. Nucleic Acids Res. 1999, 27, 4636-4641. [CrossRef]

Katoh, K.; Misawa, K.; Kuma, K.K.; Miyata, T. MAFFT: A novel method for rapid multiple sequence alignment
based on fast Fourier transform. Nucleic Acids Res. 2002, 30, 3059-3066. [CrossRef]

Rappas, M.; Bose, D.; Zhang, X. Bacterial enhancer-binding proteins: Unlocking 054-dependent gene
transcription. Curr. Opin. Struct. Biol. 2007, 17, 110-116. [CrossRef] [PubMed]

Kumar, S.; Tamura, K; Nei, M. MEGA: Molecular Evolutionary Genetics Analysis software for
microcomputers. Bioinformatics 1994, 10, 189-191. [CrossRef] [PubMed]


http://dx.doi.org/10.1111/jam.12700
http://www.ncbi.nlm.nih.gov/pubmed/25410419
http://dx.doi.org/10.3389/fmicb.2017.00034
http://www.ncbi.nlm.nih.gov/pubmed/28163700
http://dx.doi.org/10.1111/ppa.12157
http://dx.doi.org/10.1093/femsle/fnz101
http://dx.doi.org/10.1371/journal.pone.0033227
http://www.ncbi.nlm.nih.gov/pubmed/22413005
http://dx.doi.org/10.1134/S0026261719040118
http://dx.doi.org/10.1016/S0065-2164(10)70007-1
http://www.ncbi.nlm.nih.gov/pubmed/20359459
http://dx.doi.org/10.2217/fmb.13.47
http://dx.doi.org/10.1099/ijsem.0.001485
http://dx.doi.org/10.1016/j.syapm.2016.04.001
http://dx.doi.org/10.1007/s00705-020-04577-8
http://dx.doi.org/10.1007/s00705-020-04752-x
http://www.ncbi.nlm.nih.gov/pubmed/32816125
http://dx.doi.org/10.1186/1471-2105-11-119
http://www.ncbi.nlm.nih.gov/pubmed/20211023
http://dx.doi.org/10.1093/bioinformatics/btu153
http://dx.doi.org/10.1093/nar/gki366
http://dx.doi.org/10.1093/nar/gkh152
http://dx.doi.org/10.1093/bioinformatics/btz580
http://www.ncbi.nlm.nih.gov/pubmed/31359029
http://dx.doi.org/10.1093/nar/27.23.4636
http://dx.doi.org/10.1093/nar/gkf436
http://dx.doi.org/10.1016/j.sbi.2006.11.002
http://www.ncbi.nlm.nih.gov/pubmed/17157497
http://dx.doi.org/10.1093/bioinformatics/10.2.189
http://www.ncbi.nlm.nih.gov/pubmed/8019868

Microorganisms 2020, 8, 1707 24 of 27

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

40.

41.

42.

43.

44.

45.

46.

47.
48.

49.

Stamatakis, A. RAXML version 8: A tool for phylogenetic analysis and post-analysis of large phylogenies.
Bioinformatics 2014, 30, 1312-1313. [CrossRef] [PubMed]

Huelsenbeck, ].P.; Ronquist, E. MRBAYES: Bayesian inference of phylogenetic trees. Bioinformatics 2001, 17,
754-755. [CrossRef]

Ronquist, F; Huelsenbeck, J.P. MrBayes 3: Bayesian phylogenetic inference under mixed models.
Bioinformatics 2003, 19, 1572-1574. [CrossRef] [PubMed]

Lee, I; Kim, Y.O.; Park, S.C.; Chun, J. OrthoANI: An improved algorithm and software for calculating
average nucleotide identity. Int. J. Syst. Evol. Microbiol. 2016, 66, 1100-1103. [CrossRef] [PubMed]
Chaudhari, N.M.; Gupta, V.K.; Dutta, C. BPGA-an ultra-fast pan-genome analysis pipeline. Sci. Rep. 2016, 6,
24373. [CrossRef]

Moraru, C.; Varsani, A.; Kropinski, A.M. VIRIDIC-a novel tool to calculate the intergenomic 1 similarities of
prokaryote-infecting viruses 2. bioRxiv 2020. [CrossRef]

Kelley, L.A.; Mezulis, S.; Yates, C.M.; Wass, M.N.; Sternberg, M.].E. The Phyre2 web portal for protein
modeling, prediction and analysis. Nat. Protoc. 2015, 10, 845-858. [CrossRef] [PubMed]

Goddard, T.D.; Huang, C.C.; Meng, E.C.; Pettersen, E.F.; Couch, G.S.; Morris, ].H.; Ferrin, T.E. UCSF ChimeraX:
Meeting modern challenges in visualization and analysis. Protein Sci. 2018, 27, 14-25. [CrossRef]

Duarte, V.; De Boer, S.H.; Ward, L.J.; De Oliveira, A.M.R. Characterization of atypical Erwinia carotovora
strains causing blackleg of potato in Brazil. ]. Appl. Microbiol. 2004, 96, 535-545. [CrossRef]

Portier, P.; Pédron, J.; Taghouti, G.; Fischer-Le Saux, M.; Caullireau, E.; Bertrand, C.; Laurent, A.; Chawki, K,;
Oulgazi, S.; Moumni, M.; et al. Elevation of Pectobacterium carotovorum subsp. odoriferum to species level
as Pectobacterium odoriferum sp. nov., proposal of Pectobacterium brasiliense sp. nov. and Pectobacterium
actinidiae sp. nov., emended description of Pectobacterium carotovorum and description of Pectobacterium
versatile sp. nov., isolated from streams and symptoms on diverse plants. Int. J. Syst. Evol. Microbiol. 2019,
69, 3207-3216. [CrossRef]

Voronina, M.V.; Kabanova, A.P.; Shneider, M.M.; Korzhenkov, A.A.; Toschakov, S.V.; Miroshnikov, K.K.;
Miroshnikov, K.A.; Ignatov, A.N. First Report of Pectobacterium carotovorum subsp. brasiliense Causing
Blackleg and Stem Rot Disease of Potato in Russia. Plant. Dis. 2019, 103, 364. [CrossRef]

Malko, A.; Frantsuzov, P; Nikitin, M.; Statsyuk, N.; Dzhavakhiya, V.; Golikov, A.; Malko, A.; Frantsuzov, P;
Nikitin, M.; Statsyuk, N.; et al. Potato Pathogens in Russia’s Regions: An Instrumental Survey with the Use
of Real-Time PCR/RT-PCR in Matrix Format. Pathogens 2019, 8, 18. [CrossRef]

Lee, D.H.; Kim, J.B.; Lim, J.A.; Han, S.W.; Heu, S. Genetic diversity of Pectobacterium carotovorum subsp.
brasiliensis isolated in Korea. Plant. Pathol. |. 2014, 30, 117-124. [CrossRef] [PubMed]

Li, X;; Ma, Y,; Liang, S.; Tian, Y.; Yin, S.; Xie, S.; Xie, H. Comparative genomics of 84 Pectobacterium genomes
reveals the variations related to a pathogenic lifestyle. BMC Genom. 2018, 19, 889. [CrossRef]

Lukianova, A.A.; Shneider, M.M.; Evseev, P.V,; Shpirt, A.M.; Bugaeva, E.N.; Kabanova, A.P; Obraztsova, E.A.;
Miroshnikov, K.K.; Senchenkova, S.N.; Shashkov, A.S.; et al. Morphologically Different Pectobacterium
brasiliense Bacteriophages PP99 and PP101: Deacetylation of O-Polysaccharide by the Tail Spike Protein of
Phage PP99 Accompanies the Infection. Front. Microbiol. 2020, 10, 3147. [CrossRef] [PubMed]
Miedzybrodzki, R.; Borysowski, J.; Weber-Dabrowska, B.; Fortuna, W.; Letkiewicz, S.; Szufnarowski, K.;
Pawelczyk, Z.; Rogoz, P.; Klak, M.; Wojtasik, E.; et al. Clinical Aspects of Phage Therapy. Adv. Virus Res.
2012, 83, 73-121. [CrossRef]

Lavigne, R.; Seto, D.; Mahadevan, P.; Ackermann, H.W.; Kropinski, A.M. Unifying classical and molecular
taxonomic classification: Analysis of the Podoviridae using BLASTP-based tools. Res. Microbiol. 2008, 159,
406-414. [CrossRef]

Lawrence, J.G.; Hatfull, G.F; Hendrix, R.W. Imbroglios of viral taxonomy: Genetic exchange and failings of
phenetic approaches. J. Bacteriol. 2002, 184, 4891-4905. [CrossRef]

Hillyar, C.R.T. Genetic recombination in bacteriophage lambda. Biosci. Horiz. 2012, 5. [CrossRef]

Dragos, A.; B, P,; Hasan, Z.; Lenz-Strube, M.; Kempen, PJ.; Maroti, G.; Kaspar, C.; Bischofs, L.B.; Kovacs, A.T.
Phage recombination drives evolution of spore-forming Bacilli. bioRxiv 2020. [CrossRef]

Susskind, M.M.; Botstein, D. Molecular genetics of bacteriophage P22. Microbiol. Rev. 1978, 42, 385-413.
[CrossRef]


http://dx.doi.org/10.1093/bioinformatics/btu033
http://www.ncbi.nlm.nih.gov/pubmed/24451623
http://dx.doi.org/10.1093/bioinformatics/17.8.754
http://dx.doi.org/10.1093/bioinformatics/btg180
http://www.ncbi.nlm.nih.gov/pubmed/12912839
http://dx.doi.org/10.1099/ijsem.0.000760
http://www.ncbi.nlm.nih.gov/pubmed/26585518
http://dx.doi.org/10.1038/srep24373
http://dx.doi.org/10.1101/2020.07.05.188268
http://dx.doi.org/10.1038/nprot.2015.053
http://www.ncbi.nlm.nih.gov/pubmed/25950237
http://dx.doi.org/10.1002/pro.3235
http://dx.doi.org/10.1111/j.1365-2672.2004.02173.x
http://dx.doi.org/10.1099/ijsem.0.003611
http://dx.doi.org/10.1094/PDIS-03-18-0456-PDN
http://dx.doi.org/10.3390/pathogens8010018
http://dx.doi.org/10.5423/PPJ.OA.12.2013.0117
http://www.ncbi.nlm.nih.gov/pubmed/25288994
http://dx.doi.org/10.1186/s12864-018-5269-6
http://dx.doi.org/10.3389/fmicb.2019.03147
http://www.ncbi.nlm.nih.gov/pubmed/32038580
http://dx.doi.org/10.1016/B978-0-12-394438-2.00003-7
http://dx.doi.org/10.1016/j.resmic.2008.03.005
http://dx.doi.org/10.1128/JB.184.17.4891-4905.2002
http://dx.doi.org/10.1093/biohorizons/hzs001
http://dx.doi.org/10.1101/2020.05.06.055103
http://dx.doi.org/10.1128/MMBR.42.2.385-413.1978

Microorganisms 2020, 8, 1707 25 of 27

50.

51.

52.

53.

54.

55.

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Casjens, S.R.; Thuman-Commike, P.A. Evolution of mosaically related tailed bacteriophage genomes seen
through the lens of phage P22 virion assembly. Virology 2011, 411, 393—-415. [CrossRef]

Latka, A.; Maciejewska, B.; Majkowska-Skrobek, G.; Briers, Y.; Drulis-Kawa, Z. Bacteriophage-encoded
virion-associated enzymes to overcome the carbohydrate barriers during the infection process. Appl.
Microbiol. Biotechnol. 2017, 101, 3103-3119. [CrossRef] [PubMed]

Cuevas, ].M.; Duffy, S.; Sanjuan, R. Point mutation rate of bacteriophage ®X174. Genetics 2009, 183, 747-749.
[CrossRef] [PubMed]

Smith, K.C.; Castro-Nallar, E.; Fisher, ] N.B.; Breakwell, D.P; Grose, ]. H.; Burnett, S.H. Phage cluster
relationships identified through single gene analysis. BMC Genom. 2013, 14, 410. [CrossRef] [PubMed]
Zhao, Y.; Qin, F; Zhang, R.; Giovannoni, S.J.; Zhang, Z.; Sun, J.; Du, S.; Rensing, C. Pelagiphages in the
Podoviridae family integrate into host genomes. Environ. Microbiol. 2019, 21, 1989-2001. [CrossRef]
Labrie, S.J.; Frois-Moniz, K.; Osburne, M.S.; Kelly, L.; Roggensack, S.E.; Sullivan, M.B.; Gearin, G.; Zeng, Q.;
Fitzgerald, M.; Henn, M.R.; et al. Genomes of marine cyanopodoviruses reveal multiple origins of diversity.
Environ. Microbiol. 2013, 15, 1356-1376. [CrossRef]

Huang, S.; Zhang, S.; Jiao, N.; Chen, F. Comparative genomic and phylogenomic analyses reveal a conserved
core genome shared by estuarine and oceanic cyanopodoviruses. PLoS ONE 2015, 10, e0142962. [CrossRef]
[PubMed]

Mizuno, C.M.; Rodriguez-Valera, F; Kimes, N.E.; Ghai, R. Expanding the Marine Virosphere Using
Metagenomics. PLoS Genet. 2013, 9, €1003987. [CrossRef] [PubMed]

Chen, Z.; Schneider, T.D. Information theory based T7-like promoter models: Classification of bacteriophages
and differential evolution of promoters and their polymerases. Nucleic Acids Res. 2005, 33, 6172-6187.
[CrossRef]

Roucourt, B.; Lavigne, R. The role of interactions between phage and bacterial proteins within the infected
cell: A diverse and puzzling interactome. Environ. Microbiol. 2009, 11, 2789-2805. [CrossRef] [PubMed]
Kiro, R.; Molshanski-Mor, S.; Yosef, I.; Milam, S.L.; Erickson, H.P.; Qimron, U. Gene product 0.4 increases
bacteriophage T7 competitiveness by inhibiting host cell division. Proc. Natl. Acad. Sci. USA 2013, 110,
19549-19554. [CrossRef]

Tran, N.Q.; Tabor, S.; Amarasiriwardena, C.J.; Kulczyk, A.W.; Richardson, C.C. Characterization of a
nucleotide kinase encoded by bacteriophage T7. J. Biol. Chem. 2012, 287, 29468-29478. [CrossRef]

Cuervo, A,; Pulido-Cid, M.; Chagoyen, M.; Arranz, R.; Gonzalez-Garcia, V.A.; Garcia-Doval, C.; Caston, J.R.;
Valpuesta, ].M.; van Raaij, M.J.; Martin-Benito, J.; et al. Structural Characterization of the Bacteriophage
T7 Tail Machinery. |. Biol. Chem. 2013, 288, 26290-26299. [CrossRef] [PubMed]

Holtzman, T.; Globus, R.; Molshanski-Mor, S.; Ben-Shem, A.; Yosef, I.; Qimron, U. A continuous evolution
system for contracting the host range of bacteriophage T7. Sci. Rep. 2020. [CrossRef] [PubMed]
Prokhorov, N.S.; Riccio, C.; Zdorovenko, E.L.; Shneider, M.M.; Browning, C.; Knirel, Y.A.; Leiman, P.G.;
Letarov, A.V. Function of bacteriophage G7C esterase tailspike in host cell adsorption. Mol. Microbiol. 2017,
105, 385-398. [CrossRef] [PubMed]

Bradley, P.; Cowen, L.; Menke, M.; King, ].; Berger, B. BETAWRAP: Successful prediction of parallel 3-helices
from primary sequence reveals an association with many microbial pathogens. Proc. Natl. Acad. Sci. USA
2001, 98, 14819-14824. [CrossRef]

Steven, A.C.; Trus, B.L.; Maizel, J.V.; Unser, M.; Parry, D.A.D.; Wall, J.S.; Hainfeld, J.F; Studier, EW.
Molecular substructure of a viral receptor-recognition protein. The gp17 tail-fiber of bacteriophage T7. .
Mol. Biol. 1988, 200, 351-365. [CrossRef]

Garcia-Doval, C.; Van Raaij, M.J. Structure of the receptor-binding carboxy-terminal domain of bacteriophage
T7 tail fibers. Proc. Natl. Acad. Sci. USA 2012, 109, 9390-9395. [CrossRef]

Latka, A.; Leiman, P.G.; Drulis-Kawa, Z.; Briers, Y. Modeling the Architecture of Depolymerase-Containing
Receptor Binding Proteins in Klebsiella Phages. Front. Microbiol. 2019, 10, 2649. [CrossRef]

Hallenbeck, P.C.; Vimr, E.R; Yu, F; Bassler, B.; Troy, F.A. Purification and properties of a bacteriophage-induced
endo-N-acetylneuraminidase specific for poly-alpha-2,8-sialosyl carbohydrate units. J. Biol. Chem. 1987, 262,
3553-3561.


http://dx.doi.org/10.1016/j.virol.2010.12.046
http://dx.doi.org/10.1007/s00253-017-8224-6
http://www.ncbi.nlm.nih.gov/pubmed/28337580
http://dx.doi.org/10.1534/genetics.109.106005
http://www.ncbi.nlm.nih.gov/pubmed/19652180
http://dx.doi.org/10.1186/1471-2164-14-410
http://www.ncbi.nlm.nih.gov/pubmed/23777341
http://dx.doi.org/10.1111/1462-2920.14487
http://dx.doi.org/10.1111/1462-2920.12053
http://dx.doi.org/10.1371/journal.pone.0142962
http://www.ncbi.nlm.nih.gov/pubmed/26569403
http://dx.doi.org/10.1371/journal.pgen.1003987
http://www.ncbi.nlm.nih.gov/pubmed/24348267
http://dx.doi.org/10.1093/nar/gki915
http://dx.doi.org/10.1111/j.1462-2920.2009.02029.x
http://www.ncbi.nlm.nih.gov/pubmed/19691505
http://dx.doi.org/10.1073/pnas.1314096110
http://dx.doi.org/10.1074/jbc.M112.389619
http://dx.doi.org/10.1074/jbc.M113.491209
http://www.ncbi.nlm.nih.gov/pubmed/23884409
http://dx.doi.org/10.1038/s41598-019-57221-0
http://www.ncbi.nlm.nih.gov/pubmed/31941920
http://dx.doi.org/10.1111/mmi.13710
http://www.ncbi.nlm.nih.gov/pubmed/28513100
http://dx.doi.org/10.1073/pnas.251267298
http://dx.doi.org/10.1016/0022-2836(88)90246-X
http://dx.doi.org/10.1073/pnas.1119719109
http://dx.doi.org/10.3389/fmicb.2019.02649

Microorganisms 2020, 8, 1707 26 of 27

70.

71.

72.

73.

74.

75.

76.

77.

78.

79.

80.

81.

82.

83.

84.

85.

86.

87.

88.

89.

Mplgaard, A.; Kauppinen, S.; Larsen, S. Rhamnogalacturonan acetylesterase elucidates the structure and
function of a new family of hydrolases. Structure 2000, 8, 373-383. [CrossRef]

Akoh, C.C.; Lee, G.C,; Liaw, Y.C.; Huang, T.H.; Shaw, ]J.F. GDSL family of serine esterases/lipases. Prog.
Lipid Res. 2004, 43, 534-552. [CrossRef]

Wei, Y.; Schottel, ].L.; Derewenda, U.; Swenson, L.; Patkar, S.; Derewenda, Z.S. A novel variant of the catalytic
triad in the streptomyces scabies esterase. Nat. Struct. Biol. 1995, 2, 218-223. [CrossRef] [PubMed]
Michalak, L.; La Rosa, S.L.; Leivers, S.; Lindstad, L.J.; Rehr, A K.; Aachmann, FL.; Westereng, B. A pair of
esterases from a commensal gut bacterium remove acetylations from all positions on complex 3-mannans.
Proc. Natl. Acad. Sci. USA 2020, 117, 7122-7130. [CrossRef] [PubMed]

Morl, M.; Betat, H.; Rammelt, C. TRNA nucleotidyltransferases: Ancient catalysts with an unusual mechanism
of polymerization. Cell. Mol. Life Sci. 2010, 67, 1447-1463.

Yue, D.; Maizels, N.; Weiner, A.M. CCA-adding enzymes and poly(A) polymerases are all members of the
same nucleotidyltransferase superfamily: Characterization of the CCA-adding enzyme from the archaeal
hyperthermophile Sulfolobus shibatae. RNA 1996, 2, 895-908. [PubMed]

Ackermann, H.W. Bacteriophage observations and evolution. Res. Microbiol. 2003, 154, 245-251. [CrossRef]
Morse, ].W.; Deutscher, M.P. A physiological role for tRNA nucleotidyltransferase during bacteriophage
infection. Biochem. Biophys. Res. Commun. 1976, 73, 953-959. [CrossRef]

Wellner, K.; Pohler, M.T.; Betat, H.; Morl, M. Dual expression of CCA-adding enzyme and RNase T in
Escherichia coli generates a distinct cca growth phenotype with diverse applications. Nucleic Acids Res. 2019,
47,3631-3639. [CrossRef]

Whiteley, A.T.; Eaglesham, J.B.; de Oliveira Mann, C.C.; Morehouse, B.R.; Lowey, B.; Nieminen, E.A.;
Danilchanka, O.; King, D.S.; Lee, A.S.Y.; Mekalanos, J.J.; et al. Bacterial cGAS-like enzymes synthesize
diverse nucleotide signals. Nature 2019, 567, 194-199. [CrossRef]

Ye, Q.; Lau, R.K.; Mathews, L.T.; Birkholz, E.A.; Watrous, ].D.; Azimi, C.S.; Pogliano, J.; Jain, M.; Corbett, K.D.
HORMA Domain Proteins and a Trip13-like ATPase Regulate Bacterial cGAS-like Enzymes to Mediate
Bacteriophage Immunity. Mol. Cell 2020, 77, 709-722. [CrossRef]

Proux, C.; Van Sinderen, D.; Suarez, J.; Garcia, P.; Ladero, V.; Fitzgerald, G.F,; Desiere, F; Briissow, H.
The dilemma of phage taxonomy illustrated by comparative genomics of Sfi21-like Siphoviridae in lactic
acid bacteria. J. Bacteriol. 2002, 184, 6026—-6036. [CrossRef]

Villa, T.G.; Feijoo-Siota, L.; Rama, J.R.; Sanchez-Pérez, A.; Vifias, M. Horizontal Gene Transfer Between
Bacteriophages and Bacteria: Antibiotic Resistances and Toxin Production. In Horizontal Gene Transfer;
Springer International Publishing: Cham, Switzerland, 2019; pp. 97-142.

Wang, G.H.; Sun, B.E; Xiong, T.L.; Wang, Y.K.; Murfin, K.E.; Xiao, ].H.; Da Huang, W. Bacteriophage WO
can mediate horizontal gene transfer in endosymbiotic Wolbachia genomes. Front. Microbiol. 2016, 7, 1867.
[CrossRef]

Frazao, N.; Sousa, A.; Ldssig, M.; Gordo, I. Horizontal gene transfer overrides mutation in Escherichia coli
colonizing the mammalian gut. Proc. Natl. Acad. Sci. USA 2019, 116, 17906-17915. [CrossRef]

Varble, A.; Meaden, S.; Barrangou, R.; Westra, E.R.; Marraffini, L.A. Recombination between phages and
CRISPR~cas loci facilitates horizontal gene transfer in staphylococci. Nat. Microbiol. 2019, 4, 956-963.
[CrossRef] [PubMed]

Eggers, C.H.; Gray, C.M,; Preisig, A.M.; Glenn, D.M.; Pereira, ].; Ayers, RW.; Alshahrani, M.; Acabbo, C.;
Becker, M.R.; Bruenn, K.N.; et al. Phage-mediated horizontal gene transfer of both prophage and heterologous
DNA by @BB-1, a bacteriophage of Borrelia burgdorferi. Pathog. Dis. 2016, 74, ftw107. [CrossRef]

Heller, K.J. Identification of the phage gene for host receptor specificity by analyzing hybrid phages of T5 and
BF23. Virology 1984, 139, 11-21. [CrossRef]

Duplessis, M.; Moineau, S. Identification of a genetic determinant responsible for host specificity in
Streptococcus thermophilus bacteriophages. Mol. Microbiol. 2001, 41, 325-336. [CrossRef]

Mahichi, F; Synnott, A.].; Yamamichi, K.; Osada, T.; Tanji, Y. Site-specific recombination of T2 phage using
IP008 long tail fiber genes provides a targeted method for expanding host range while retaining lytic activity.
FEMS Microbiol. Lett. 2009, 295, 211-217. [CrossRef]


http://dx.doi.org/10.1016/S0969-2126(00)00118-0
http://dx.doi.org/10.1016/j.plipres.2004.09.002
http://dx.doi.org/10.1038/nsb0395-218
http://www.ncbi.nlm.nih.gov/pubmed/7773790
http://dx.doi.org/10.1073/pnas.1915376117
http://www.ncbi.nlm.nih.gov/pubmed/32170022
http://www.ncbi.nlm.nih.gov/pubmed/8809016
http://dx.doi.org/10.1016/S0923-2508(03)00067-6
http://dx.doi.org/10.1016/0006-291X(76)90214-X
http://dx.doi.org/10.1093/nar/gkz133
http://dx.doi.org/10.1038/s41586-019-0953-5
http://dx.doi.org/10.1016/j.molcel.2019.12.009
http://dx.doi.org/10.1128/JB.184.21.6026-6036.2002
http://dx.doi.org/10.3389/fmicb.2016.01867
http://dx.doi.org/10.1073/pnas.1906958116
http://dx.doi.org/10.1038/s41564-019-0400-2
http://www.ncbi.nlm.nih.gov/pubmed/30886355
http://dx.doi.org/10.1093/femspd/ftw107
http://dx.doi.org/10.1016/0042-6822(84)90325-8
http://dx.doi.org/10.1046/j.1365-2958.2001.02521.x
http://dx.doi.org/10.1111/j.1574-6968.2009.01588.x

Microorganisms 2020, 8, 1707 27 of 27

90. Schwarzer, D.; Buettner, EER.; Browning, C.; Nazarov, S.; Rabsch, W.; Bethe, A.; Oberbeck, A.; Bowman, V.D.;
Stummeyer, K.; Muhlenhoff, M.; et al. A Multivalent Adsorption Apparatus Explains the Broad Host
Range of Phage phi92: A Comprehensive Genomic and Structural Analysis. J. Virol. 2012, 86, 10384-10398.
[CrossRef]

91. Le,S,; He, X,; Tan, Y,; Huang, G.; Zhang, L.; Lux, R.; Shi, W.; Hu, F. Mapping the Tail Fiber as the Receptor
Binding Protein Responsible for Differential Host Specificity of Pseudomonas aeruginosa Bacteriophages
PaP1 and JG004. PLoS ONE 2013, 8, €68562. [CrossRef] [PubMed]

Publisher’s Note: MDPI stays neutral with regard to jurisdictional claims in published maps and institutional
affiliations.

@ © 2020 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

(CC BY) license (http://creativecommons.org/licenses/by/4.0/).



http://dx.doi.org/10.1128/JVI.00801-12
http://dx.doi.org/10.1371/journal.pone.0068562
http://www.ncbi.nlm.nih.gov/pubmed/23874674
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Bacterial Strains and Growth Conditions 
	Bacteriophage Isolation and Purification 
	Host Range of Bacteriophages 
	Biological Activity of Bacteriophages 
	Electron Microscopy 
	Phage Genome Sequencing and Annotation 
	Phylogenetic Analysis 
	Whole-Genome and Proteome Analysis 
	D Homology Modelling, Alignment and Visualisation 

	Results 
	General Properties of Pectobacterium Bacteriophages PP47, PP81 and Q19 
	Taxonomy 
	Proteome Analysis 
	Genomic Analysis 
	Tail Spike Proteins 
	tRNA-Nucleotidyltransferase 

	Discussion 
	Origin, Phylogeny and Taxonomy 
	Genome, Adsorption Apparatus and Horizontal Transfer 

	Conclusions 
	References

