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Erwinia and Pantoea are closely related bacterial plant pathogens in the Gram negative Enterobacteriales order.
Sixty tailed bacteriophages capable of infecting these pathogens have been completely sequenced by in-
vestigators around the world and are in the current databases, 30 of which were sequenced by our lab. These 60
were compared to 991 other Enterobacteriales bacteriophage genomes and found to be, on average, just over
twice the overall average length. These Erwinia and Pantoea phages comprise 20 clusters based on nucleotide and
protein sequences. Five clusters contain only phages that infect the Erwinia and Pantoea genera, the other 15
clusters are closely related to bacteriophages that infect other Enterobacteriales; however, within these clusters
the Erwinia and Pantoea phages tend to be distinct, suggesting ecological niche may play a diversification role.
The failure of many of their encoded proteins to have predicted functions highlights the need for further study of

1. Introduction

Bacteriophages are viruses that infect bacteria. Their virions are
comprised of a protein shell containing genetic material that can be
dsDNA, ssDNA, dsRNA or ssRNA. Their genomes can contain as few as
3.3kb or as many as 500kb (Fiers et al., 1976; Hatfull and Hendrix,
2011). They are the most abundant and diverse biological entities, with
an estimate of about 10°2 tailed bacteriophages on Earth (Suttle, 2007).
Since bacteriophages are parasites of bacteria, they have played an
important role in the evolution of bacteria. Bacteriophages can have
two alternate lifestyles when infecting a bacterium, lytic and temperate.
Lytic phages simply replicate to form progeny virions which are re-
leased to infect other host cells. Temperate phages can also propagate
lytically but may instead enter a semi-dormant “prophage” state in
which the phage DNA either replicates as a plasmid or integrates into
the host chromosome and replicates passively as part of that replicon.
Prophages can be stable indefinitely, but environmental triggers can
cause their “induction” into the lytic growth cycle.

Erwinia and Pantoea are very closely related Gram negative bacteria
in the Erwiniaceae family of the Enterobacteriales order (F.S. Dworkin
et al.,, 2006) that are often plant pathogens, causing necrosis in the
tissues of the infected plant. These pathogens are a large burden on the
agricultural community of the United States and are currently listed as
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possible bio-terrorism agents. For example, Pantoea agglomerans is the
causative agent of potato blight and has also been documented as an
opportunistic human pathogen (Sengupta et al., 2016), and Erwinia
amylovora is the causative agent of fruit tree fire blight, which is re-
sponsible for an average of 100 million US dollars damage annually to
apple orchards in the United States (Norelli et al., 2003). Fire blight
infections are currently treated with antibiotics; however, up to 70% of
these bacteria found in nature are resistant to the currently used anti-
biotics (Forster et al., 2015). Due to their ability to kill their bacterial
hosts, phages are projected to provide an alternative anti-bacterial
therapy for these plant diseases.

A number of bacteriophages that infect Erwinia or Pantoea
(Erwiniaceae phages) have been isolated by a variety of investigators
from several continents, and 60 of their complete genome sequences are
available at the National Center for Biological Information (NCBI)
GenBank database (Sayers et al., 2019). Thirty of these phages were
isolated and characterized in our laboratory (Esplin et al., 2017;
Sharma et al., 2018). Host range studies of phages that infect Erwinia-
ceae suggest relatedness between the two host genera in that several
phages isolated on Erwinia can infect both Erwinia and Pantoea strains
including phages Joad and RisingSun (Arens et al., 2018), Y3 (Buttimer
et al., 2018), @Ea2809 (Lagonenko et al., 2015) and CBB (Buttimer
et al., 2018). Herein, we compare these 60 bacteriophages and place
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them in 20 different clusters based on their genomic and proteomic
traits. An analysis of each of these clusters is provided, along with
comparisons to known phages. The purpose of our analysis is four fold:
1) to gain insight into the relationship and interaction between different
bacteriophage types and their host bacterial species, 2) to further un-
derstand the relationships among members of the Enterobacteriales
order by comparing their bacteriophages, 3) to contribute to our un-
derstanding of overall bacteriophage diversity, and 4) to provide in-
formation that will aid in the treatment of the above plant diseases by
development of improved phage therapy cocktail design and safety.

2. Materials and methods
2.1. Isolation, sequencing and assembly of phages

Thirty Erwinia phages were isolated by our laboratory at Brigham
Young and 28 of these have been previously described (Esplin et al.,
2017; Sharma et al., 2018). The genomes of the two previously un-
described phages Rebecca (accession No. MK514281) and Derbicus
(MK514282) were sequenced from libraries made with the Illumina
TruSeq DNA Nano kit and Illumina HiSeq 2500 sequencing (250-bp
paired end). Genomes were assembled with Geneious (Kearse et al.,
2012) version 8.1 using de novo assembly with medium-low sensitivity
as described previously in Sharma et al. (Sharma et al., 2018). Coverage
depths were 527-1615 (1015.6 average) for Rebecca and 183-1758
(572.3 average) for Derbicus, both phages circularized their genomes
upon assembly.

2.2. Genomic analysis and comparison

Gepard (Krumsiek et al., 2007) was used to generate dot plots that
compare nucleotide sequences of multiple genomes. Default settings
(word size 10) were used to generate dot plots, however lower and
upper color limit were increased in order to allow better image viewing.
Geneious (Kearse et al., 2012) was used to align the sequences in an
identity matrix using MAFFT plugin and setting parameters to auto-
algorithm, a scoring matrix of 200PAM/k = 2, a gap open penalty of
1.53 and an offset value of 0.123. Phamdb (Lamine et al., 2016), an
online version of Phamerator (Cresawn et al., 2011), a bioinformatic
tool designed to compare bacteriophage genomes was used to visualize
both nucleotide and protein similarity using kClust (Hauser et al.,
2013). The default settings of PhamDB were used in this comparison.
The cluster file generated by Phamerator was aligned using Janus
(available on the DNA-master website https://phagesdb.org/
DNAMaster/) and then used to generate a phylogenetic tree of the
proteins using the SPLITStree program (Dress and Huson, 2004).
BLASTp (Boratyn et al., 2013; Madden et al., 1996) was used from the
NCBI website except for when accessed through Phamerator.

3. Results and discussion

3.1. Genomic and proteomic analyses separate the 60 Erwiniaceae
bacteriophages into 20 clusters

A summary of the 60 Erwiniaceae phage genomes available in
GenBank as of January 1, 2019 is provided in Table 1. These 60 phages
were isolated in 10 countries, and 30 were isolated and characterized
by our laboratory (Esplin et al., 2017; Sharma et al., 2018). Three
phages, LIMElight, LIMEzero and Vid5, were isolated on Pantoea hosts,
and 56 were isolated on Erwinia hosts (Adriaenssens et al., 2011). One
phage, CBB, was isolated on Pectobacterium but forms plaques on a
strain of Erwinia (Buttimer et al, 2017). Among those with a reported
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isolation location, many were found in infected trees or in the soil
around them. Of the 30 phages we isolated, the genomes of only two,
Joad and RisingSun, have been fully discussed in the literature (Arens
et al., 2018), 26 have been reported in only genome announcements,
and two (Rebecca and Derbicus) are first reported here.

The genomes of the Erwiniaceae phages range from 378,379 bp
(phage CBB) to 29,564 bp (phage ENT90). The average genome length
of the 991 other Enterobacteriales tailed phage genomes currently in the
NCBI database is 81,187 bp, but the Erwiniaceae phages have an average
genome length of 162,734 bp. Thus, Erwiniaceae bacteriophages com-
prise about five percent of the sequenced Enterobacteriales tailed
phages, and the average genome size is almost double the overall
average. Fig. 1 plots the length of all the Enterobacteriales tailed phage
genomes and indicates the locations of the Erwiniaceae phages. The
Erwiniaceae phage genome lengths are within the previously known
extremes, but it is not known if their large average size is the result of
isolation methods used, properties of the hosts or the skew in isolation
sources toward trees and the soil around them.

The 60 Erwiniaceae phage whole genome nucleotide sequences were
compared with Genome Pair Rapid Dotter (Gepard) (Krumsiek et al.,
2007) (Fig. 2A). By the criterion of diagonal line strength, these phages
fall into 20 clusters that have similarity over 50% of the phage genome
as previously described (Grose and Casjens, 2014; Hatfull et al., 2010).
The clusters in Fig. 2A are indicated by the founding Erwiniaceae phage
in the group (the first sequence released in GenBank) unless the phage
belongs to a previously-described Enterobacteriales cluster, in which
case the previously published name for that cluster is used (Grose and
Casjens, 2014). An Average Nucleotide Identity (Esplin et al., 2017)
matrix was also constructed using Geneious (Kearse et al., 2012), and if
phage clusters are defined so that each phage has =50% ANI with at
least one other phage in the group and =24% ANI with phages from
other clusters (Supplementary Table S1), the ANI grouping matches the
dot plot-defined clusters perfectly. Our clusters correspond in general to
genera or subfamilies that have been defined by the International
Committee on Virus Taxonomy (ICTV), but a number of our clusters
have not yet been formalized by that group.

In addition to genome nucleotide sequence analysis, whole pro-
teome and single protein analyses support these 20 clusters. Whole
proteome analysis was performed using Phamerator (Cresawn et al.,
2011) to group the phage-encoded proteins into related “Phamilies”,
and SPLITSTree (Huson and Bryant, 2006) was used to infer relation-
ships based on the Phamily content among the 59 annotated bacter-
iophages (Fig. 3; phage LS-2018a is not included because it has not been
annotated). The SPLITSTree analysis perfectly parallels the cluster as-
signments generated by whole genome dot plot and ANI analysis above.
It also points out the previously observed distant relationship between
LIMEzero and LIMElight, which have previously been assigned to se-
parate clusters within the T7 supercluster. Superclusters are groups of
related phage clusters that share genome size and synteny (genes that
have similar functions and have similar orders) that is not observed at
the nucleotide level (Grose and Casjens, 2014). In addition to whole
proteome analysis, single protein dot plot analysis was performed using
the major capsid (MCP) (Fig. 2B) and large terminase (Fig. 2C) protein
sequences, which have been previously used to place phages into re-
lated clusters (Grose and Casjens, 2014; Smith et al., 2013). Both of
these plots agree with the clustering by the above methods and show
similarities within each of the Erwiniaceae clusters and differences
among them. The fact that all the above analyses give identical phage
groupings demonstrates the robustness of such cluster determinations
and indicates that the extent of past horizontal exchange of genetic
information among these phages was not sufficient to disrupt their
overall grouping. Thus, all these methods can be useful tools for
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Table 1

Sixty Erwinia and Pantoea bacteriophages. Phages are organized by clusters (see text for definition of “clusters”) which are indicated by different colored cells. The
clusters are listed in order of descending genome size, and this group color scheme is carried throughout this report. The first column is the cluster as defined by Grose
and Casjens (Casjens and Grose, 2016) when applicable. Pre-existing clusters are named according to the founding Enterobacteriales phage, and bold phage names in
the second column indicate the first Erwiniaceae member of that cluster. N/A (not available) indicates phage genomes in GenBank that are otherwise not published.
LS-2018a has a reported genome length of 59,759 bp, but this appears to be an untrimmed partial concatemer of the true sequence; the genome length given in the
table putative properly trimmed sequence.

Cluster Phage Name Isolation Location Isolation Source (itz::;nnk G;;:;‘::: Number of ORF's | Reference
RaK2-like CBB Li’}izll:é;“d’ Waste water sludge KU574722 378,379 605 15
Ea35-70-like RAY UT, USA Leaves and Stem KU886224 271,182 319 10
Deimos-minion UT, USA I e KUS86225 273,501 326 10
Blossom
Special G UT, USA B"é‘;gl;:s‘:“d KU886222 273,224 324 10
Simmy50 UT, USA Bark KU886223 271,088 322 10
Ea35-70 Canada Soil KF806589 271,084 314 76
Desertfox UT, USA Soil MG655268 272,485 320 N/A
Bosolaphorus UT, USA Soil MG655267 272,228 321 N/A
Rebecea UT, USA Tree MK514281 273,731 320 N/A
MadMel UT, USA Soil MG655269 275,000 321 N/A
Mortimer UT, USA Unknown MG655270 273,914 325 N/A
Yoloswag-like Yoloswag UT, USA Unknown KY448244 259,700 334 10
Y3 Sursee, Switzerland Soil, Apple tree KY984068 261,365 333 13
Alexandra UT, USA Unknown MH248138 266,532 349 N/A
SPN3US-like Asesino UT, USA Brancheland KX397364 246,291 289 N/A
Blossom
phiEaH2 Hungary Unknown JX316028 243,050 263 41
Stratton UT, USA Unknown KX397373 243,953 276 10
Huxley UT, USA Brgl‘g?:s ;"d KX397368 240,761 271 10
Machina UT, USA Unknown KX397370 241,654 272 10
Parshik UT, USA Unknown KX397371 241,050 271 10
ChrisDB UT, USA Unknown KX397366 244,840 277 10
Caitlin UT, USA I £ KX397365 241,147 271 10
% Blossom 4
Phobos UT, USA Unknown KX397372 229,501 247 10
EarlPhilipIV UT, USA Apple tree KX397367 223,935 241 10
Derbicus UT, USA Pear tree MK514282 223,950 240 N/A
Wellington UT, USA Unknown MH426724 244,950 295 11
Kwan UT, USA Unknown KX397369 246,390 285 10
phiEaH1-like phiEaH1 NCAIM, Hungary Aerial tissue KF623294 218,339 244 41
Joad-like Joad UT, USA Pear tree MF459647 235,374 245 10
RisingSun UT, USA Apple tree MF459646 235,108 243 10
T4-like Cronus Denmark Organic waste MH059636 175,774 295 N/A
Vi0l-like oEa2809 Belarus Leaves of apple tree KP037007 162,160 145 14
Buel Switzerland S°ilof::}:‘;r;pp & MG973030 164,037 178 N/A
Felix-O1-like oEa21-4 Canada Unknown EU710883 84,576 117 51
oEal04 Germany Unknown FQ482083 84,565 118 69
M7 Switzerland Unknown HQ728263 84,694 117 1
SunLiRen USA Unknown MH426725 84,559 142 N/A
Nd-like S6 Switzerland Unknown HQ728266 74,669 115 1
Frozen UT, USA B KX098389 75,147 [ 10
i Blossom &
Rexella UT, USA Blanche et KX098390 75448 92 10
Blossom
Gutmeister UT, USA Apple tree KX098391 7ALIFES 84 10
Ea9-2 Canada Soil KF806588 75,568 89 N/A
oEaP-8 South Korea Unknown MH160392 75,929 78 56
9g-like Vids Lithuania Thicket shadbush MG948468 61,437 99 72
PEpl4-like PEpl4 Korea Unknown IN585957 60,714 64 N/A
Pavtok UT, USA Unknown MH426726 61,401 62 N/A
Gjl-like Faunus Denmark Organic waste MH191398 54,065 78 N/A
Y2 Switzerland Unknown NC019504 56,621 92 55
oE88-like oEt88 USA Unknown FQ482085 47,279 68 69
SP6-like Eral03 USA Unknown EF160123 45,445 53 33
oEal00 USA Unknown FQ482086 45,554 51 69
s2 Switzerland Soil MGT736918 45,495 49 N/A
oEalH USA Unknown FQ482084 45,522 50 69
KP34-like LIMElight Ngﬁ’fg‘:’:;e St i FR687252 44,546 55 24
LIMEzerolike |  LIMEzero I"igéﬁ;“ Soil from potato FR751545 43,032 57 2%
T7-like FE44 Ukraine m:én":“:i‘?on KF700371 39,860 47 N/A
L1 Switzerland Unknown HQ728265 39,282 51 1
LS-2018a-likef LS-2018a MD, USA Unknown CP013974 31,798 N/A N/A
P2-like ENT90 South Korea Unknown HQ110084 29,564 60 N/A
EtG USA Cucumber MF276773 30,413 45 N/A
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determining phage relationships, but the fact that all but dot plots do
not point out mosaic relationships should not be forgotten, and in si-
tuations where horizontally exchanged, mosaically related sequences
occur at higher frequency an ANI comparison may be less informative.

A summary of the 20 Erwiniaceae phage clusters is provided in
Table 2, which shows that they range from eight singleton clusters to
two clusters that contain nine or more phages. Phages from all three
families of Caudovirales (Podoviradae, Myoviradae and Siphoviridae) have
been isolated that infect Erwiniaceae bacteria. The number of annotated
genes ranges from 47 (phage FE44) to 605 (CBB). The genome length is
quite constant within each cluster, varying by at most 9%. As seen with
other bacteriophages, Erwiniaceae phage genes are tightly packed with
an average gene density of 1.2 ORFs (open reading frames)/kb. In Fig. 4
we plot the number of ORFs against the genome size of the founding
Erwiniaceae phage of each group. Most lie close to the trend line, and we
note that since this analysis is dependent on the annotation practices of
different research groups, phages furthest from the line may not be as
different as their locations suggest. A genomic map comparison of the
founding phage members of each cluster is provided in Supplementary
Fig. S1. It clearly shows the densely packed genomes of all 19 clusters
that have annotated members.

The average G + C content of the Erwiniaceae tailed phage genomes
is 48.5% and individual phages range from 38.4% to 55.4%. Erwinia
amylovora is the most common host species for these phages, and its
G + C content is 53.6%. Pantoea agglomerans, the most common
Pantoea host is 55.1% G + C. Three phage clusters that have sub-
stantially lower G + C content than their host. Cronus, gEa21-4 and
Faunus have G + C contents well below their host, with Cronus having
the lowest at 38.4% percent. With a few exceptions, the G + C content
of bacteriophage genomes is closely related to their target host (Bahir
et al., 2009), making this drastic difference interesting. We note that
phage Cronos belongs to the T4-like cluster (see below) in which other
members are known to have substantially lower G + C contents than
their hosts (Limor-Waisberg et al., 2011). Although the purpose for
alternate G + C content is unknown, it has been suggested by some
authors that lower G + C phages differ from their host in order to
introduce their own set of tRNA's which favor the viral genome and the
associated preferred codons (Limor-Waisberg et al., 2011).

3.2. Protein function among the Erwiniaceae phages

We selected one representative bacteriophage from each of the 19
annotated Erwiniaceae phage clusters and examined their predicted
protein functions. Table 3 shows that of the 2667 genes annotated in
these 19 phage genomes only 793 (30%) have a predicted function.
Since BLASTp detected homology is commonly used to identify pu-
tative function, this means that 70% of the annotated genes have no
database match or match a protein whose function is unknown. Phage
Eral03 (Vandenbergh et al., 1985) had the highest percent (63%) of
genes called with a putative protein function, which may in part be
due to its smaller genome. In most of the Erwiniaceae jumbo phages
only 20-30% of the encoded proteins have predicted functions.
Among those with putative functions, DNA replication and re-
combination genes are most abundant (35-52% of total proteins with
function). Phage structural proteins were also commonly annotated,
with the major capsid and large terminase proteins being identified in
all 19 clusters.

3.3. Lifestyles of Erwiniaceae tailed phages

We attempted to determine whether the Erwiniaceae phages in this
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study are lytic or temperate by bio-informatic means. Most appear not
to carry genes such as integrase that might be indicative of the tem-
perate lifestyle, but since prophages may not be integrated this lack
does not prove a lytic lifestyle. In our 2016 study (Casjens and Grose,
2016) we showed that the number of bacterial genome sequences that
are available in the extant database is high enough that virtually all
known prophage types are represented in those sequences. Therefore, if
a newly identified phage is temperate it should have close relatives in
extant bacterial genome sequences, especially in genomes of its host
species or close relatives. Indeed, nearly all previously examined tem-
perate Enterobacteriales phage clusters encode MCP relatives with
=>97% amino acid sequence identity to proteins encoded by prophages
in Enterobacteriales bacterial host genomes, while no purely lytic phages
had such closely related homologues (Casjens and Grose, 2016). We
therefore searched for MCP genes similar to those of the 20 clusters
described here in bacterial host genomes (Table 4). Of the 20 clusters,
only three have homologues with >80% identity in bacterial genomes.
Erwinia phage ENT90's MCP was 100% identical to a gene (locus_tag
C2E16_18005) in a similar prophage in a Pantoea sp. PSNIH2, sug-
gesting it is most likely temperate in nature which is consistent with its
similarity to temperate E. coli phage P2. Erwinia phage gET88 MCP has
a 97% identical homologue (locus_tag SAMN05216522_1056) as a pu-
tative prophage in the genome of Rosenbergiella nectarea strain 8N4; this
species is a close relative of Pantoea and Erwinia (Halpern et al., 2013).
In addition, Miiller et al. (King et al, 2011) reported that gET88 was
isolated after mitomycin C treatment of an Erwinia tasmaniensis strain, a
treatment that often results in prophage induction. Finally, we have
previously argued from genomic analysis that gET88 should be con-
sidered a member of the phage lambda supercluster (Grose and Casjens,
2014), and all other members of this large group are temperate. The
putative phage LS-2018a MCP has 94% identical homologues encoded
by the genomes of several Yersinia pestis isolates (e.g., strain I-2638). At
least one of these genes is present on a circular 34 kb plasmid (Acc. No.
KT020860) that is largely homologous to the LS-2018a genome. Thus,
we suggest that LS-2018a is very likely a temperate phage with a cir-
cular plasmid prophage. In addition, phage PEp-14 encodes a protein
with some similarity to phage integrases, suggesting that it could be
temperate in spite of the fact that its closest MCP matches in the re-
ported bacterial genome sequences are <88% identical and are in very
distantly related bacteria; however, it is possible that by chance no host
genomes with PEp-14-like prophages have been sequenced. We also
note that the Burkholderia phages BcepIL02 and Bcep22 have sub-
stantial genome synteny with PEp-14 and also carry an apparent in-
tegrase gene. They have been reported not to form stable lysogens but
may be able to form a transient benign association with the host (Gill
et al, 2011); on the other hand, in a single counter-example we find a
protein that is 93% identical to Bcep22 MCP encoded by a gene (lo-
cus_tag WS71_20305) in an integrated prophage that is quite similar to
Bcep22 in the genome of Burkholderia sp. DU8 (Acc. No. CP0013389).
Thus, definitive determination whether phage PEp-14 is lytic or tem-
perate awaits further study, but we conclude ENT90, ¢ET88 and LS-
2018a are almost certainly temperate, and the other 16 clusters dis-
cussed here most likely contain lytic phages. Bacterial matches included
in Table 4 are all clearly inserted in the bacterial chromosome or in a
known plasmid (it is possible that finding a fragment of a phage genome
in a bacterial draft genome can be a result of a lytic phage infection at
the time of sequencing).

3.4. The 20 clusters of Erwiniaceae tailed phages

Since we have shown that in the Enterobacteriales clusters MCP
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Fig. 1. Comparison of Enterobacteriales bacteriophage average genome size with the average Erwiniaceae phage genome reveals large Erwiniaceae phage
genomes. Phage genome size is plotted on the y-axis for each of 1134 Enterobacteriales phages on the x-axis. The green dashed line represents the average genome
length of all Enterobacteriales phages, and the red dashed line represents the average of all Erwiniaceae phage genome lengths. The red circles mark Erwiniaceae

clusters.

sequence clustering nearly always reflects whole genome clustering
(Grose and Casjens, 2014), BLASTp searches with MCPs from each of
these clusters were first used to identify the most closely related non-
Erwiniaceae phages. These results and subsequent whole genome nu-
cleotide comparisons showed that 17 of the Erwiniaceae clusters can be
placed in previously defined Enterobacteriales phage clusters (summar-
ized in Table 2). Fig. 5A and B shows nucleotide sequence dot plots that
compare phages from each of the 17 non-singleton clusters with their
most closely related Enterobacteriales phages. Subcluster designations,
indicating closer relationships, are provided in Table 1 (see Grose and
Casjens for Enterobacteriales cluster/sub-cluster assignments). Three
Erwiniaceae phage clusters typified by phages Yoloswag, Joad and LS-
2018a represent novel Enterobacteriales tailed phage clusters that have
not been previously described. The following paragraphs examine the
molecular lifestyles of the 20 phage clusters with members that infect
the Erwiniaceae:

3.4.1. Jumbo phages with genomes larger than 200 kb

(1) CBB was originally isolated on Pectobacterium but forms plaques on
an Erwinia strain (Buttimer et al., 2017). It is the largest Erwiniaceae
phage reported to date (Buttimer et al., 2017). CBB fits in the RaK2-
like Enterobacteriales phage cluster and is most similar to Crono-
bacter phage GAP32. The nine known phages in the RaK2-like
cluster form three subclusters and a representative from each
cluster is shown in Fig. 5A. The RaK2-like phages are jumbo Myo-
viridae phages, and many or all are “hairy” with unusual whisker-
like structural proteins along the contractile tail. The Phamerator
map (Supplementary Fig. S1 indicates that the terminal regions of
the CBB genome (as it is currently oriented in GenBank) share some
similarity to other Erwiniaceae phages, specifically with the Cronus
and @Ea2809 clusters. These related regions encode proteins
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annotated as hypothetical proteins and structural proteins. (For
more information see reference (Abbasifar et al., 2014) for phage
GAP32 characterization).

(2) The phiEaH2-like Erwiniaceae group fits into the previously defined
Enterobacteriales SPN3US-like phage cluster (Grose and Casjens,
2014). This cluster consists of jumbo myoviruses with genomes in
the 229-247 kb range (note that an error in Table 1 of reference
(Grose and Casjens, 2014) places the SPN3US-like and Rak2-like
clusters inside the rV5 supercluster, but this is incorrect). The
SPN3US-like cluster also includes phages that infect Salmonella,
Escherichia and Cronobacter hosts, and the dot plot in Fig. 5A shows
that the 16 phages currently in this cluster separate into 9 sub-
clusters, of which only subcluster A includes phage from multiple
host genera (Escherichia and Salmonella including phages SPN3US,
SEGD1, NAFV-136). The 13 Erwinia phages form 7 different sub-
clusters that contain no other phages, highlighting the strong cor-
relation between phage subclusters and host genus.

One of the noteworthy features of phage SPN3US is that it encodes a
five subunit RNA polymerase that is packaged into the virion and in-
jected into the host cell with the phage DNA and the Erwinia members
carry similar genes. This group also shares a number of gene homo-
logies with Pseudomonas aeruginosa phage oKZ (91 genes), including 61
virion structural genes (Aliet al, 2017; Thomas et al., 2016). (For more
information see reference (Weintraub et al, 2019) for phage SPN3US
characterization).

(3) The jumbo Erwinia Siphoviridae phage phiEaH1 has a 218kb
genome and is the prototypical member of the Enterobacteriales
phiEaH1-like phage cluster (Meczker et al., 2014; Grose and
Casjens, 2014). The only other phage in this cluster is Serratia phage
2050HW. These two phages are moderately distant relatives
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Fig. 2.Dot plots that compare the
Erwiniaceae tailed phages reveal 20 clusters
of related phages. (A) Whole genome nucleo-
tide sequence dot plot. Sequences were reor-
iented to make parallel genome alignments
within each cluster; the founding phage of each
cluster (bold in Table 1) labels each whole
cluster. (B) Major capsid protein (MCP) amino
acid sequence dot plot. (C) Large terminase
amino acid sequence dot plot. Horizontal and
vertical black lines separate clusters, and white
lines within the colored cluster boxes mark the
ends of each phage genome. Dot plots were
constructed using Gepard (Sharma et al., 2018).
Note that the phage LS-2018a sequence was not
annotated, but putative MCP and terminase
were identified using tBLASTn (Boratyn et al.,
2013).

8. Major Capsid Protein

CBl

2
A
7

N
INAANNNNNN,
INNNANANAN
Ea35-70 [ NNNNNNNNN
INANNNNNNN
AN
INNNNNNNNN
ANNNNNNNN
phiEaf2
phuEaH1
Joad
Cronus
oFa2B809
oka21-4
\nds%
PEp14
Faunus
oEt88

77
77
77

£ra103
UMEtight 1

1

LIMEzero

FE44

LS-2018a
T

Fig. 3. A proteome phylogeny of 59 of Erwiniaceae
tailed phages reveals 19 clusters of phages. Phamerator
(NC_015249) was used to group phage proteins into phams
of related proteins. SPLITStree software (Dress and Huson,
2004) was used to generate the tree from each pham's ab-
sence or presence in each phage genome. The phage LS-
2018a genome has not been annotated and was therefore
not used in this analysis.
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Table 2

A summary of the 20 clusters of Erwiniaceae phages. The columns contain the group's name (given by founding phage from that group), the number of phages
within a group, the average genome length within the group (with standard deviation), the average number of ORF's (with standard deviation), the ORF's/Genome
Length (calculated from the average and supplied in ORF's/kb), the average GC content of each cluster (with standard error), the reported morphology, and closest
non-Erwiniaceae phage relative of the cluster (well-known phages are selectively provided when available as a relative, otherwise less well-known phages are given).
Note that phage LS-2018a has not been annotated, however we determined morphology bioinformatically. None - has no close relatives (i.e., defines a novel cluster).

(4) Erwinia phage Cronus forms a singleton subcluster in the

65

Erwinaceae Group Number of Erwiniaceae Average genome  Number of Number of ORF's/Genome GC content Morphology Close Outside Relative of
Name phages included length ORF's length*1000 Cluster
CBB 1 378,379 605 1.6 £ 0.2 36.0 Myoviridae RaK2
Ea35-70 10 272,744 321 1.2 +0.2 49.7 Myoviridae None
Yoloswag 3 262,532 339 1.3 0.2 48.1 Myoviridae ~ JA11
phiEaH2 13 239,344 269 1.1 +£0.2 50.9 Myoviridae SPN3US
phiEaH1 1 218,339 244 1.1 +£0.2 52.3 Myoviridae 2050HW
Joad 2 235,241 244 1.0 £ 0.2 48.3 Myoviridae ~ None
Cronus 1 175,774 295 1.7 £ 0.2 38.4 Myoviridae T4
0Ea2809 2 163,099 162 1.0 £ 0.2 50.3 Myoviridae Viol
¢Ea21-4 4 84,599 124 1.5+0.2 41.8 Myoviridae Felix-01
S6 6 74,656 92 1.3+0.2 47.8 Podoviridae N4
Vid5 1 61,437 99 1.6 £ 0.2 48.8 Siphoviridae 9g
PEpl4 2 61,058 63 1.0 £ 0.2 50.0 Podoviridae ~ SopranoGao
Faunus 2 55,343 85 1.5+0.2 43.9 Myoviridae EcoM-GJ1
oEt88 1 47,279 68 1.4+0.2 47.3 Myoviridae T1
Eral03 4 45,504 51 1.1 +0.2 49.8 Podoviridae ~ SP6
LIMElight 1 44,546 55 1.3+0.2 54.0 Podoviridae ~ KP34
LIMEzero 1 43,032 57 1.3+0.2 55.4 Podoviridae ~ J8-65
FE44 2 39,571 49 1.2 +0.2 50.3 Podoviridae  T7
1LS-2018a 1 31,798 - - 51.0 Siphoviridae  None
ENT90 2 29,989 53 1.8 +0.2 55.0 Myoviridae P2
Overall average: 3 162,734 198 1.2 48.5
700 Fig. 4. Open reading frame density in
Erwiniaceae bacteriophage clusters.
Each cluster is labeled by the founding
&0 yo 0o S o ce8 phage but represents the whole cluster's
average. Equation and R2 value are dis-
played on the chart. The line represents a
- linear regression model of the average
number of ORFs per phage compared to
the average genome size of 19
Erwinaceae clusters.
400
§
%5 —Yoloswag
5 —£a35-70
£ %0 o—Cronus
E o-phiEaH?2
phx}aHl ‘i Joad
00
o—pEa2809
©Ea21-4
Vids L
100 Faunus+ 4 =5
LIMEze‘arEg8 ©—PEp14
ENTQ," KX UmeElight
FE: Eral03
‘ o 50000 100000 150000 200000 250000 300000 350000 400000
Genome Size (bp)
sharing syntenic proteomes (with their MCP's sharing 56% identity Enterobacteriales T4-like Myoviridae cluster. Its genome size of
and 71% similarity) and are only very distantly related at the nu- 175 kb is typical of phages in this cluster, and like many other
cleotide level (see Fig. 5A). (For more information see reference phages in this cluster its DNA has a substantially lower G + C
(Tian et al., 2019) for phage 2050HW characterization). content than its host. This cluster currently contains 169 completely
sequenced genomes of phages that infect 14 host genera from six of
3.4.2. Myoviridae with genomes between 50 and 180 kb the families within the Enterobacteriales order (Supplementary

Table S2). The dot plot in Supplementary Fig. S2 Part B shows that
there are 21 subclusters (A through U) in this cluster, one of which
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Table 3

Putative gene functions reported from representative phages of each of the 19 annotated Erwiniaceae phage clusters. One representative phage from each of
the 19 clusters was selected to analyze the protein function annotation. Protein function was sorted into four sections shown in different colors: structural proteins are
in blue, DNA replication and recombination are in orange, cell lysis genes are in yellow, and host related genes are in green. Numbers refer to the number of proteins
annotated for that function. We are aware of some possible overlap among protein function categories, this is due to the use of original annotations. LS-2018a is not

represented in this table since it had no annotation.
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Table 4

The closest tBLASTn match to the MCP of 20 Erwiniaceae bacteriophage clusters. The MCP of the founding phage for each group (see Table 2)
was used in a tBLASTn search for closest relatives in bacterial genomes that were greater than 1 megabase. Erwiniaceae bacteriophage clusters that are
not represented in this table had no significant tBLASTn hits.

Phage Best tBLASTn Bacterial Match Accession Number Identity
¢Ea21-4 Polyangium brachysporum strain DSM 7029 CP011371 32%
S6 Alteromonas sp. RKMC-009 CP031010 56%
Vid5 Nitrosomonas ureae strain Nm10 CP013341 47%
“Enterococcus faecalis strain TY1 CP031027 35%
PEpl4 Martelella sp AD-3 CP014275 75%
Faunus Rhizobiales strain PAMC 29148 CP036515 29%
“Enterobacter cloacae strain 20710 CP030076 28%
oEt88 Rosenbergiella nectarea strain 8N4 CP009706 97%
Eral03 Pandoraea faecigallinarum strain DSM 23572 CP011807 30%
LIMElight Cronobacter sakazakii strain ATCC 29544 CP011047 41%
LIMEzero Enterobacter kobei strain DSM 13645 CP017181 52%
LS-2018a Yersinia pestis strain I-2638 CP013974 94%
ENT90 Pantoea sp. PSNIH2 CP009866 100%

@ Closest Enterobacteriales bacteria.
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=CP011371
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=CP031010
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=CP013341
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=CP014275
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=CP011807
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http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=CP017181
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=CP013974
http://www.ncbi.nlm.nih.gov/entrez/query.fcgi?cmd=search&db=nucleotide&doptcmdl=genbank&term=CP009866
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Fig. 5. Dot plots of 17 Erwiniaceae phage clusters with their relatives. Red lines separate Erwiniaceae bacteriophage clusters and homologous Enterobacteriales
phage genomes. Blue lines indicate the ends of each genome. Parts A and B depict nine and eight phage clusters, respectively. Due to the large number of phages in
some of the phage clusters only representative phages are shown.

is defined by phage Cronus. Six of the subclusters are singletons, but
of the 15 subclusters with more than one member, 11 contain
members that all infect the same host genus (assuming that Es-
cherichia and Shigella are actually one genus (Zuo et al., 2013); and
all but one has members that infect a single host family. Thus,
subcluster membership is far from random, with many genus-spe-
cific or family-specific subclusters at this level of analysis. We also
note that diversity within this cluster is still quite incompletely
understood (NC_015249), since (i) the almost 30% singleton sub-
clusters implies the existence of numerous undiscovered

(6]

subclusters, (ii) individual genera are often infected by multiple
phage subclusters, and (iii) phages of a number of Enterobacteriales
families and genera remain unexplored.

The Erwinia phages ¢Ea2809 (Lagonenko et al., 2015) and Buel
(accession No. MG973030) share similarity to the Enterobacteriales
ViO1-like cluster of Myoviridae, which is currently comprised of 51
Enterobacteriales phages, including E. coli phage CBA120 and Sal-
monella enterica phage Det7, that typically have genomes in the
150-165 kb range. These phages have virion structural genes that
are moderately distant relatives of those of phage T4, but their
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virion heads are isomorphic rather than elongated, and their
homologous genes are not syntenic with the T4-like phages. They
encode a thymidylate synthase that suggests they may incorporate
hydroxymethyldeoxyuracil into their DNA (Kutter et al., 2011), and
they encode multiple tailspikes that allow them to adsorb to several
different hosts (Adriaenssens et al., 2012; Chen et al., 2014; Casjens
et al., 2015). This cluster was previously separated into at least six
subclusters, one of which is comprised of only the two Erwinia
phages pEa2809 (Lagonenko et al., 2015) and Buel, phages that
were isolated in Belarus and Switzerland, respectively (Fig. 5A).

EcoM-GJ1
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(For more information see reference (Kutter et al., 2011) for phage
CBA120 characterization).

(6) The gEa21-4-like Erwinia phage group lies within the previously

defined Felix-O1-like Enterobacteriales phage cluster (Grose and
Casjens, 2014; Magill et al., 2017; Lehman et al., 2009). This cluster
of contractile tailed phages have genome sizes that range from 82 to
91 kb and carry a number tRNA genes which are highly conserved
across the gEa21-4 group. The Felix-O1-like cluster currently con-
tains 46 completely sequenced Enterobacteriales phages that fall into
three subclusters (Grose and Casjens, 2014), and the four Erwinia
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@

phages in this cluster form one of these subclusters (Fig. 5A). The
known phages in this cluster infect six different Enterobacteriales
host genera, and there are fairly close relatives that infect P. aeru-
ginosa in the Pseudomonadales order of Gamma-Proteobacteria
(Magill et al., 2017). (For more information see reference (Cowley
et al., 2015) for phage TP1 characterization).

The phage Y2-like Erwinia group has similarity to the previously
defined Enterobacteriales lytic Myoviridae phage oEcoM-Gjl-like
cluster (Grose and Casjens, 2014), currently containing four sub-
clusters. This cluster is currently comprised of two Escherichia
phages, sEcoM-Gjl (Jamalludeen et al., 2008) and ST32, two Pec-
tobacterium phages, PM1 (Kalischuk et al., 2015) and PP101, and
two Erwinia phages, Faunus and Y2 (Born et al., 2015). The last two
are sufficiently different that they each form a distinct singleton
subcluster (Fig. 5B). These phages have genomes in the 52-57 kb
range and encode a single subunit RNA polymerase like phage T7
(Jamalludeen et al., 2008). (No phages in this cluster have been
extensively characterized).

3.4.3. Lytic Podoviridae phage

(8) The Erwinia S6-like group fits into the previously defined
Enterobacteriales N4-like cluster of Podoviriadae phages. The 26
currently known completely sequenced members of this cluster
fall into six subclusters, three of which, typified by phages Ea9-
2, S6 (Born et al, 2011) and gEaP-8 (Park et al., 2018), are
made up by the seven Erwinia phages and no others; the last
two are singleton subclusters (Fig. 5A). The larger group of N4-
like phages appears to be a very successful group of phages
whose members infect other Gamma-Proteobacteria orders as
well as Beta-Proteobacteria hosts (e.g, N4-like phage JWDelta
infects the Beta-Proteobacteria Achromobacter xylosoxidans
(Wittmann et al., 2014)). A unique feature of this group is its
large (about 3500 amino acid) single subunit RNA polymerase
that is present in the virion and is injected with the DNA into
the host cell (Falco et al., 1977).

Phages PEp-14 and Pavtok define an Erwinia group that ex-
pands the previously defined Enterobacteriales PEp-14-like
Podoviridae singleton cluster (Grose and Casjens, 2014). Kleb-
siella phage SopranoGao is also a recently sequenced member
of this cluster, but the two Erwinia phages form a unique sub-
cluster (Fig. 5A). As discussed above it remains unclear whe-
ther these phages are temperate or lytic. A striking feature of
these phages, that have genomes about 61 kb long, is that they
encode an exceptionally large putative protein that is 4915,
5007 and 4369 amino acids long in the PEp-14 (Acc. No.
YP005098431), Pavtok (AXF51455) and SopranoGao
(ASV45029) homologues, respectively. These single genes oc-
cupy about a quarter of their genomes, and their products are
the longest bacteriophage encoded proteins that we are aware
of. Other classes of large phage proteins are the virion RNA
polymerases of the N4-like phages (above) (Kazmierczak et al.,
2002) and a possible tail fiber of gKO2 at 3433 AA (Casjen
et al., 2004). BLASTp searches with the large Pavtok protein
(locus_tag PAVTOK_25) have shown that it shares patches of
convincing similarity to large proteins in the following phages
that infect diverse hosts: =50% identity to Vibrio phage
VvAW1 (3640 AA; Gamma-Proteobacteria host), Pseudomonas
phage Skulduggery (3695 AA; Gamma-Proteobacteria host),
Agrobacterium phage atu_ph08 (4877 AA; Alpha-Proteo-
bacteria), and Sinorhizobium phage PBC5 (2849 AA; Alpha-
Proteobacteria host), as well as 35% identity to proteins from

©

—
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several Beta-Proteobacteria phages including Burkholderia
phages Bcep22 (4602 AA). The function of these large proteins
has not been studied directly, but two sequence matches are
informative. First, amino acids 70-170 of all three of the PEp-
14-like cluster phages' large protein contain a lysozyme motif
and are 33% identical to a section of phage T7 gene 16 protein.
There are a small number of molecules of 16 protein in the T7
virion, and they are released into the host with the DNA (Kemp
et al., 2005; Chang et al., 2010). Many tailed phage that infect
Gram negative bacteria are thought to inject proteins with ly-
sozyme activity that cleave the peptidoglycan so that DNA can
pass through it to reach the cytoplasm during injection
(Casjens and Molineux, 2012; Moak and Molineux, 2004), and
the T7 gene 16 protein has been shown to have such an activity
(Moak and Molineux, 2000). Second, a region between amino
acids 2700 and 3200 of the PEp-14-like large proteins have
weak but convincing similarity to parts of E. coli phage P1 DarB
protein (2255 AA; accession No. YP_006479), which has also
been shown to be injected with the DNA (Piya et al., 2017) and
is involved in defense against host restriction endonucleases
(Iida et al., 1987). We conclude that it is very likely that these
large PEp-14-like cluster proteins are present in the virions and
are injected into the host with the DNA. Gill et al. (Gill et al,
2011) have made a similar argument with the homologous
large gp75 protein of Burkholderia phage Bcep22 (Acc. No.
NP944303), which has been shown to be a virion protein. Why
are these PEp-14-like phage proteins and their homologues so
large? We speculate that when a phage “finds” a new protein
function that is advantageous to inject from the virion, it may
be evolutionarily simplest to fuse it to an existing protein that
is injected. Thus, such proteins may accumulate new poly-
peptide sections and become large multidomain proteins over
time. This would also explain the patchy nature of the re-
lationships between such proteins in different phages. We note
that the distantly related phages mentioned above all have si-
milarity to the leftmost approximately 37 kb of the PEp-14-like
phages (in the Pavtok GenBank orientation), a region that
contains the putative virion assembly genes (Supplementary
Material Fig. S3 shows a comparison of phage Pavtok with
Burkholderia phage DC1/Bcep22). (No phage in this cluster has
been extensively characterized).

(10-13) The four Erwiniaceae phage clusters discussed in this section
fall into the previously defined Enterobacteriales T7-, SP6-,
KP34- and LIMEZERO-like clusters (Grose and Casjens, 2014),
which in turn all reside within the T7 supercluster (classified
by the International Committee on Virus Taxonomy as the
Autographivirinae subfamily of the Podoviridae). They all have
apparent lytic life cycles similar to phage T7 which infects E.
coli (Demerec and Fano, 1945) and is one of the best char-
acterized and most prolific tailed bacteriophages. It has many
known relatives that infect a wide variety of bacterial hosts,
even outside of the Enterobacteriales. Hallmarks of these phages
include a phage encoded single subunit RNA polymerase.

Erwinia phage ERA103 fits into the Enterobacteriales SP6-like
cluster, where it, along with Erwinia phages gEal00 (Muller et al.,
2011), gEalH and S2, form the Erwinia specific subcluster D. Pantoea
phage LIMElight belongs to the KP34-like cluster where it forms the
singleton subcluster B. Pantoea phage LIMEzero is the prototype phage
for the LIMEzero-like cluster, which also contains Escherichia phage J8-
65. These two phages define different subclusters. Finally, Erwinia
phage FE44 shares its highest overall nucleotide sequence identity of
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91-94% to Escherichia phages 285P, BA14 and S523 (Xu et al., 2014;
Michalewicz et al., 1991) and is a member of the T7-like cluster. FE44,
along with phages that infect the Escherichia, Yersinia, Salmonella,
Kluyvera and Pectobacterium genera, form subcluster C of this En-
terobacteriales cluster (Fig. 5B).

3.4.4. Lytic Siphoviridae phage

(14) Pantoea phage Vid5 is a member of the Enterobacteriales 9 g-like
cluster of lytic phages (26, 72). This Siphoviridae cluster's founding
member phage 9g has deoxy-archaeosine (modified guanosine)
nucleotides in its DNA that make it resistant to many restriction
endonucleases (Kulikov et al., 2014). Vid5 has a similar but not
identical set of genes predicted to be involved in this or a similar
DNA modification, and its DNA is similarly resistant to such nu-
cleases (Simoliunas et al., 2018). The 15 phages with available
complete genomes in this cluster fall into three subclusters, two of
which have been called the Nonagvirus and Seuratvirus genera
(Sazinas et al., 2018), and the third is Vid5 which forms a sin-
gleton subcluster. The dot plot in Fig. 5A compares representatives
of these three subclusters; subclusters A and B are all Escherichia
phages except for one Salmonella phage (phage SE1; accession No.
KY926791) in subcluster A. (For more information see reference
(Kulikov et al., 2014) for phage 9 g characterization).

3.4.5. Temperate Myoviridae phage

(15) Erwinia phage EtG is quite closely related to Escherichia phage 186
and Salmonella phage PsP3, and although ENT90 is more distantly
related, both of these Erwinia phages are clearly members of the
P2-like Enterobacteriales temperate phage cluster (Grose and
Casjens, 2014) (Fig. 5B) (Kalionis et al., 1986). Phages in this
cluster are widely distributed with phages that infect many dif-
ferent types of Enterobacteriales (Casjens and Grose, 2016), and
EtG belongs to subcluster B that also contains phages that infect
Escherichia and Salmonella, while ENT90 defines singleton sub-
cluster D.

3.4.6. Clusters that currently contain only Erwinia/Pantoea phages

Although most of the currently known Erwiniaceae tailed phages
fall into to one of the over 70 previously defined Enterobacteriales
phage clusters (Casjens and Grose, 2016; Grose and Casjens,
2014), five of 20 Erwiniaceae phage-containing clusters contain
only phages that infect the Erwinia and/or Pantoea genera (the
Ea35-70-, Yoloswag-, Joad-, LS-2018a- and gET88-like phages).
Three of these five clusters (Yoloswag-, Joad-, and LS02018a-like)
form novel Enterobacteriales clusters that have not been previously
described.

(16) The Erwiniaceae phages within the previously defined Ea35-70-like
Enterobacteriales phage cluster (Grose and Casjens, 2014) form the
most highly conserved of all of the Erwiniaceae clusters we ana-
lyzed, with less than 3% ANI variance among the phages within
this cluster. It is comprised of jumbo Myoviridae phages typified by
phage Ea35-70 that was isolated from soil beneath a fire blight-
infected pear tree in Ontario, Canada (Yagubi et al., 2014). No
similar phages are known that infect other host species. More than
60% of their 271-275kb genomes are made up of novel genes
without significant BLASTp matches in the current database, and
like other jumbo phages their small fraction of genes with pre-
dicted functions encode mainly virion structural proteins and DNA

70

Virology 535 (2019) 59-73

metabolism proteins. (No phage in this cluster has been ex-
tensively characterized).

(17) Phage Yoloswag represents an Erwinia jumbo phage group that

includes two closely related phages, Alexandra and Y3. Five
Dickeya phages have recently been described whose putative MCPs
are about 74% identical to that of Yoloswag, and Fig. 5A shows a
dot plot analysis of these eight phages. Long weak diagonal si-
milarity lines confirm that they all have similar genome organi-
zation and belong in this previously undefined Enterobacteriales
phage cluster which we call the Yoloswag-like cluster. It also
shows that substantial diversity is present within the cluster, and
we define three subclusters, A, B and C. Subclusters A and B are
quite different from C, and the three phages within B are more
diverse (weaker diagonal similarity line) than those within C. In-
terestingly, the clusters do not correlate perfectly with host genus,
since subcluster B contains phages with Erwinia and Dickeya hosts,
and these two genera have recently been placed in the two dif-
ferent but rather closely related families, Erwiniaceae and Pecto-
bacteriaceae. This suggest that one of these phages, perhaps AD1,
has switched hosts in the relatively recent distant past. The pro-
teins that are expressed by the conserved core-genome of the
Yoloswag-like Erwinia phages are mostly virion structural proteins
and DNA replication and repair proteins. Recent publications de-
scribing the phage Y3 genome sequence (Buttimer et al., 2018)
and the four Dickeya relative genomes (Day et al., 2018) have
presented various aspects of this group of phages, so we will not
discuss them in detail here but will only briefly mention some of
this cluster's salient features. Our Phamerator (Cresawn et al.,
2011) analysis shows that there are 176 protein Phamilies con-
served among the three Erwinia members of this cluster, with only
46 of these proteins having a predicted function, including four
secretion system proteins (products of the phage Yoloswag genes
88, 107, 152 and 154) that are not present in any of the other
Erwinia phages. A conserved Cas4-like protein is also encoded by
all three Erwinia phages. Cas4 has no well-defined function but is
known to be present in CRISPR/Cas gene clusters. It could be
carried by the phage to modify CRISPR systems in its hosts. The
virions of this cluster have large isometric heads about 130 nm in
diameter and a contractile tail about 190 nm long. An interesting
reported feature of at least Y3 and the Dickeya members of this
cluster is the presence of unusual curly hair-like fibrils of unknown
function extending from the sheath along the length of the tail
similar to those seen in the RaK2-like phages (above). (No phage
in this cluster has been extensively characterized).

(18) The jumbo Myoviridae phages Joad and RisingSun represent a new

Enterobacteriales tailed phage cluster with 235kb genomes (see
Fig. 2 of ref (Arens et al., 2018).). These two Erwinia phages share
96.6% whole genome ANI, with Joad encoding two genes not
present in RisingSun (a putative HNH endonuclease and a hy-
pothetical protein). The RisingSun genome encodes 243 predicted
proteins, ~43% of which have no significant BLASTP database
match (e-value of =1077); another 24% of its genes have no
known function but do have BLASTP matches to hypothetical
proteins (Arens et al., 2018). This novel cluster shares some
homology with Pseudomonas phages EL and OBP as well as Vibrio
phages P4B and pTD1, with 112 genes that had corresponding
BLASTp hits with these Pseudomonas phages, indicating these
phages are clearly related.

(19) Erwinia phage LS-2018a also represents (as a singleton) a new

Enterobacteriales tailed phage cluster. Its sequence in GenBank
contains very large terminal redundancy (if a small amount of
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sequence imprecision is allowed), and we believe it very likely has
a circular genome that is 31,789 bp long. Its sequence in GenBank
is unannotated, but we find a 97% identical homologue of its
putative MCP (bp 29319-30479 of accession No. CP013974) and a
similar terminase encoded by several isolates of Yersinia pestis. In
Y. pestis biovar Medievalis strain I-2638 the 33,778 bp long cir-
cular plasmid pTP33 (MCP encoded between bp 11182 and 12342
of accession No. KT020860 (Kutyrev et al., 2018)) encodes such an
MCP homologue (the other matches are on Yersinia sequence
contigs that are the same size or smaller but are not annotated as
plasmids). The dot plot in Supplementary Material Fig. S2 shows
that LS-2018a and pTP33 share considerable syntenic similarity
and that (with some, not unexpected, mosaicism) they have nearly
identical genome organizations. We conclude that pTP33 is very
likely a circular plasmid prophage and that 1LS-2018a may have a
similar prophage (although we note that both carry a possible
integrase gene). The Yersinia genus is a member of the newly de-
fined Yersiniaceae family in the Enterobacteriales (Adeolu et al.,
2016), and LS-2018a and pTP33 represent two singleton sub-
clusters, each of which infects a different host family.

(20) Erwinia phage ¢ET88 is the singleton representative of its
Enterobacteriales cluster (Grose and Casjens, 2014). Although its
MCP is up to 49% identical to some phages in the T1-like lytic
phage cluster, it is likely a temperate member of the phage lambda
supercluster (Grose and Casjens, 2014) (see above).

Eighteen of the 20 Erwiniaceae clusters contain more than one au-
thentic phage member (¢Et88 and LS-2018a comprise singleton clus-
ters). Within each of these clusters, most of the Erwiniaceae phages are
more closely related to one another than to phages that infect other host
genera and so form distinct subclusters. Nonetheless, eight of the 33
Erwiniaceae phage-containing subclusters also contain phages that in-
fect other genera in addition to Erwinia and Pantoea (Fig. 5), indicating
a few possible examples of relatively recent host switching.

4. Conclusions

The purpose of this analysis was to gain insight into the relationships
among the 60 Erwiniaceae bacteriophages that have completely se-
quenced genomes and to further understanding of their host interactions.
We found that on average Erwiniaceae phages have much larger genomes
than the average Enterobacteriales phage, which may be due to their
isolation source (trees and the soil surrounding them) or may be driven
by the bacterial host. We note that only dsDNA tailed phages infective of
Erwinia and Pantoea have been isolated to date. When the nucleotide and
protein sequences of these 60 phages are compared, they naturally se-
parate into 20 clusters, or 3 phages/cluster on average. This ratio high-
lights the diversity present in these phages in spite of the fact that they
share highly related hosts. In comparison, 472 E. coli phages currently in
GenBank fall into 50 clusters with an average of 9.4 E. coli phages/
cluster. The lower phages/cluster ratio for Erwiniaceae phages (3 phages/
cluster) may not be due to the decreased number of total phages isolated
because Paenibacillus phages have a comparable number of isolates, but a
phages/cluster ratio more similar to E. coli (9.6 phages/cluster).
Comparison of the 60 Erwiniaceae phage genomes with all the other
Enterobacteriales phage genomes, showed that 17 of the Erwiniaceae
clusters belong to previously defined Enterobacteriales phage clusters that
include phages with hosts outside this family, and three form clusters
whose known members infect only Erwiniaceae. The Erwiniaceae phages
in the 17 Enterobacteriales clusters tend form their own subcluster within
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their clusters. This latter distinction is perhaps due to the plant-based
ecological niche of Erwinia and Pantoea. A majority of the proteins en-
coded by the Erwiniaceae phages (~70% or 1874 proteins) have un-
known function, highlighting the need for further characterization of
these phages. Each of the 19 analyzed Erwiniaceae bacteriophage clusters
encodes unique proteins, including tail fibers, lysins, holins, and
CRISPER proteins, which likely contribute to the phage host range and
will be important considerations in the development and improvement of
phage therapy cocktail design and safety.
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