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a large number of plant species worldwide, including agridturally-important crops.
Despite the SRP importance in agriculture, little is known kmout the bacteriophages
infecting them, and even less about the prophages present itheir genomes. Prophages
are recognized as factors underlying bacterial virulencegenomic diversi cation and
ecological tness that contribute to the novel phenotypic poperties of bacterial hosts.
Likewise, they are recognized as a driving force of bacteriaevolution. In this study,
57 complete genomes of Pectobacterium spp. and Dickeya spp. deposited in NCBI
GenBank, were analyzed for the presence of prophage-like @ments. Viral sequences
were discovered in 95% of bacterial genomes analyzed with t use of PHASTER,
PhiSpy, and manual curation of the candidate sequences usqiNCBI BLAST. In total 37
seemingly intact and 48 putatively defective prophages werfound. The 37 seemingly
intact prophages (27 sequences inDickeya spp. genomes and 10 sequences in
Pectobacterium spp. genomes) were annotated using RAST. Analysis of the pphage
genes encoding viral structural proteins allowed classiation of these prophages
into different families of the orderCaudovirales (tailed bacteriophages) with the SRP
prophages of the Myoviridaefamily (81% of found prophages) being the most abundant.
The phylogenetic relationships between prophages were argzed using amino acid
sequences of terminase large subunit (genderl), integrase (geneint), holin (gene
hol), and lysin (genelys). None of these markers however proved fully useful for clea
phylogenetic separation of prophages of SRP into distinctlades. Comparative analyses
of prophage proteomes revealed six clusters: ve present ilDickeyaspp. and one within
Pectobacteriumspp. When screened for the presence of bacterial genes in thegnomes
of intact prophages, only one prophage did not contain any ORs of bacterial origin, the
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other prophages contained up to 23 genes acquired from bacteal hosts. The bacterial
genes present in prophages could possibly affect tness andvirulence of their hosts. The
implication of prophage presence in the genomes oPectobacterium spp. and Dickeya
spp. is discussed.

Keywords: Pectobacterium spp., Dickeya spp., integrase, attachment site, holin, lysin, bacterial g ene, ecological
tness

INTRODUCTION (Perombelon and Kelman, 1980; Grenier et al., 2006; Rossmann
et al., 2018 Because of the diverse habitats in which they
It is generally accepted that phages are the most abundaghn be found, bacteria presumably also exhibit diverse yitest
biological entities in the environment with an estimatedmioer because of their transfer between these di erent environ“;:en
of 1C°! particles on Earth. Consequently, they are present ifior example, from plants to soil, from plant to plant, from host
virtually all habitats in which bacteria exiﬁ(lttle, ZOOY Based p|ant to non-host p|ant' from surface and/or irrigation watker
on their particular relationShip with a hOSt, they can be eith p|ant5, from water to 30”’ andice Versh(charkowski’ 20]_)3
lytic or temperate fickermann, 2008 Temperate bacteriophages |n all of these surroundings the SRP can encounter lytic and
integrate their genetic material into the host genome andisér temperate bacteriophages and hence may become easily and
inside bacterial cells as so-called prophagési(bauer, 2000 repeatedly infected{anchaya et al., 20p4
After integration, prophages are maintained in a host cell, The knowledge of prophages present in SRP genomes is
undergoing non-lytic growth typically called a lysogeniatet currently very limited as only a few temperate bacteriophages
(Canchaya et al., 20p4During lysogeny phage DNA remains that speci cally infectPectobacteriunspp. andDickeyaspp.
inactive, except for some regulatory and accessory genésh Whhave been characterized (for review seerani et al., 2013;
are required to maintain the dormant state of the virus. Thisczajkowski, 2016 The viruses that have been characterized
dormant bacteriophage DNA may constitute up to 20% of thenclude temperate bacteriophageEC2 infectingD. dadantii
host genome(asjens, 2003 and D. solani (Resibois et al., 19%4 bacteriophage ZF40
The occurrence of prophages can contribute greatly t@korol and Tovkach, 20)2infecting P. carotovorumsubsp.
bacterial tness Bondy-Denomy and Davidson, 2014; Nandacarotovorumpacteriophages phiTEB(ower et al., 20)2phiM1
et al., 201}t Prophages can inuence host variability and (Blower et al., 20)7 ECA29 and ECA41 Hvans et al.,
evolution and may determine the adaptation of their hosts01() infecting P. atrosepticumand bacteriophages LIMEstone
to speci ¢ ecological nichesW(ang et al., 2010; Fortier and 1 and LIMEstone2 infectingD. solani (Adriaenssens et al.,
Sekulovic, 2013; Varani et al., 2).1Bhe presence of prophages 2012;: Day et al., 20).7 Likewise, the biological role of
may a ect bacterial genomes in several ways. For example, thqjmy two prophages present in SRP genomes (ECA29 and
integration is responsible for gene disruption or translécat gEca41 localized in the genome d?. atrosepticumstrain
which, in turn, may confer phenotypic changes in the hostscR|1043) have been elucidated to date as being involved in
Similarly, prophages may introduce new traits into the hasts  modulation of host swimming motility and virulence in potato
as pathogenicity determinants that alter bacterial tn€Bsese (£ ans et al., 2030
new tra!ts might also modulate the switch between lytic and Tne aim of this study was to identify prophage-like sequences
lysogenic cycles3(Ussow et al., 2094Consequently, prophages i, the complete genome sequencesPetctobacteriunspp. and
have been studiedinanumbgrofbgcterial speciesinclud_'mgpl Dickeya spp. strains deposited in GenBank (NCBI) and to
pathogens to understand their role in bacterial ecologyjens,  characterize these prophages using comparative genomic tools.
2003; Varani et al., 20).3To date, however, they have not beentne implications of the presence of prophage in SRP genomes
extensively studied in the Soft RBectobacteriacegeRP). and the way these genetic elements may contribute to eaalbgi

Plant pathogenic Soft Rdeectobacteriaced@deolu et al.,  ness ofPectobacteriurspp. andDickeyaspp. are also discussed.
2019 [consisting of Pectobacteriunspp. and Dickeya spp.,

formerly characterized as pectinolyftwiniaspp. Pérombelon,

2002)] are considered to be among the top ten most important
agricultural phytopathogens Mans eld et al., 201p They MATERIALS AND METHODS

cause signicant losses in crop production (up to 40%)pData Collection and ldenti cation of

with disease severity dependent on weather conditions, pla . .
susceptibility and pathogen inoculum. Among the economjcallrzt:amjlda‘te PrOphage Sequences in

most important hosts worldwide are potato, carrot, tomato,Complete Genomes of D|Ckeya Spp. and

onion, pineapple, maize, rice, hyacinth, chrysanthemum, anfPectobacterium Spp.

calla lily (Perombelon and Kelman, 1980; Charkowski, 2018 The strategy used to identify and characterize prophages in
SRP are widespread in various ecological niches includingRP genomes is presented kigure 1 Fifty seven complete
bulk and rhizosphere soils, water, sewage, the surface of hagnome sequences (Fectobacteriunspp. genomes and 40
and non-host plants, and the surfaces and interior of insect®ickeyaspp. genomes) were accessed from NCBI (National
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FIGURE 1 | The work ow for identi cation and characterization of SRP
prophages. The blue rectangles represent the tools and methds used for
identi cation of prophages' sequences in bacterial genomesand the white
rounded rectangles represent the (input) data used for theralyses.

Comparative analyses of the
prophage genomes

Center for Biotechnology Information, https://www.nchinm
nih.gov/) (August 2018)Table J).

more features (genes) as described abadvenier et al., 2012
Arndt et al., 2015

Furthermore, any two seemingly intact prophages were
characterized as the same prophage if their genomes shared
at least 95% nucleotide identity. Prophages were charaeteri
on the basis of their homology with known phage sequences
deposited in NCBI GenBank (https://www.ncbi.nlm.nih.gov/
genbank/) using NCBI BLAST (https://blast.ncbi.nim.nibvgo
Blast.cgi). The presence of structural genes in prophage
sequences was veried by the VirFam (http://biodev.cea.fr/
virfam/) using settings described iropes et al. (2014)

Analyses of Prophage Genome Sequences

and Comparative Genomics

Prophage sequences were annotated using RAST (Rapid
Annotation using Subsystem Technology) (rast.nmpdr.org)
as described inAziz et al. (2008) Brettin et al. (2015)
(computational settings: Classic RAST, Glimmer3 release 70
domain Viruses, genetic code:11, disable replication), and
DNA Master (Lawrence, University of Pittsburgh, Pennsylaan
USA) (http://en.bio-soft.net/dna/dnamaster.html) usingdtses
advised inPope and Jacobs-Sera (2018)

The attL and attR attachment sites were identi ed using
PHASTER (http://phaster.ca/) as described Anndt et al.
(2016)and manually inspected using CLC Main Workbench 7
(Qiagen) by assessing the phage localization in the hostrgeno
Multiple sequence alignment of individual prophage genes
and phylogenetic analyses were performed using Phylogenetic
Pipeline of Information Génomique et Structurale, CNRS-AMU,
France (http://www.phylogeny.fr/).

Because of the lack of a universal genetic marker in
bacteriophaged_@wrence et al., 2002; Adriaenssens and Cowan,
2019, phylogenetic characterization of bacterial viruses and
prophages may be based on comparison of di erent sequences
e.g., encoding integrase, large subunit of terminasen laoid/or
lysin (syn. endolysin, murein hydrolase). Amino acid sequesn
derived from int, hol, lys terlL, respectively, were used to
phylogenetically analyze the 37 seemingly intact prophages in
this study. For this, sequences were aligned with MUSCLE
(v3.8.31) con gured for highest accuracy (MUSCLE with default

Candidate prophage-like elements were identied withsettings), after alignment, ambiguous regions (i.e., aiming

PHASTER (http://phaster.ca/) using settings described\im(t

gaps and/or poorly aligned) were removed with Gblocks (v0.91b)

et al., 201pand with PhiSpy (https://edwards.sdsu.edu/PhiSpylsing the following parameters: (i) minimum length of a

index.php) using settings described ikhter et al. (2012)

block after gap cleaning equal to 10, (i) no gap positions

followed by manual inspection of the sequences for thevere allowed in the nal alignment, (iii) all segments with
presence of signature genes:. attachment sitt, (gene(s) contiguous non-conserved positions bigger than 8 were reggct
encoding integrase(s), terminases(s), transposaseséslesg (iv) minimum number of sequences for a ank position equal
coding for structural viral proteins and the sequences ofo 85%, graphical representation and edition of the phylogeneti

prophage integration sites, as suggested by othémsydq
and Brussow, 2002 The candidate prophage-like element

tree were performed with TreeDyn (v198.3).
Comparative analyses of the prophage genomes were done

was de ned as seemingly intact prophage when its sequencsing EDGAR Blom et al., 200p accessed via (https:/
contained altogether: (i) phage attachment sites, (ii) geneadgar.computational.bio.uni-giessen.de) with settingscdeed

encoding structural phage proteins, (iii) genes coding foteits

in Blom et al. (2009) DNA Master (Lawrence, University

involved in DNA regulation, insertion to the host genome andof Pittsburgh, Pennsylvania, USA) (http://en.bio-soft/dat/
lysis. Consequently, the candidate prophage-like element wdsamaster.html) and BLASTn (accessed via (https://blast.
de ned as putatively defective when its sequence lacks one acbi.nlm.nih.gov/Blast.cgi). Pairwise comparison of segesn
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(BLAST) @ltschul et al., 1990was analyzed using MAUVE in the fundamental bacterial metabolism, two-component
as described irDarling et al. (2010 computational settings: systems, transporters as well as coding for hypothetical pratei
alignment with progressiveMauve (aligner: Muscle 3.6), uefa Six prophages howeveviz. phiDchl, phiDdd2, phiDsoll,
seed weight (15), full alignment (minimum island size: 50phiD4, phiDze2, and phiDze6 were integrated near the genes
maximum backbone gap size: 50, minimum backbone size: 5@)oding for pectate lyases, one of the most important virulence
use of seed families: yes, iterative re nement: yes, détation  factors of SRP.
of LCBs: yes), and DNA Master. All of the complete prophage genomes possessed structural
The presence of genes of bacterial origin in the prophageomponents that were typical of phages in the or@audovirales
genomes was assessed by NCBI BLAST searches. For this,(théed bacteriophages), enabling the classication of 30
gene was classi ed as being of bacterial origin when altmget prophages (81%) to thiglyoviridaefamily, 5 prophages (13.5%)
(i) the gene (encoding known or hypothetical protein) isto the Siphoviridaefamily, and 2 prophages (5.5%) to the
frequently present in bacterial genome(s), (ii) is unneagsto  Podoviridadamily (Table 1).
complete bacteriophage life cycle, (iii) encodes protein \aith This study did not reveal the presence of non-integrase
enzymatic activity not required by the virus to interact its  based forms of lysogeny, such as that of transposable phages or
hosts. The presence of putative virulence-associated gedes glasmid-based replication. As the work ow included PHASTER
antibiotic resistance genes in the viral genomes was askessand PhiSpy, it could be expected to detect these sorts of
using VirulenceFinder ver. 1.5 (https://cge.cbs.dtu.divices/ phages if they existed in the dataset. Furthermore, three
VirulenceFinder/) and ResFinder ver. 3.0 (https://cgedthis. prophages \(iz. phiDda2, phiDsoll, and phiPcl) present in
dk/services/ResFinder/), respectively, with setting desdrin  the genomes oD. dadantii DSM 18020,D. solani ND14b,
Kleinheinz et al. (2014) and P. carotovorumsubsp. odoriferum BC S7, respectively,
share signi cant similarity with well-characterized tempés
bacteriophage ZF40 infectifpctobacterium carotovoriwsubsp.

RESULTS carotovorur(Table 1) (Korol and Tovkach, 2092
Presence of Prophage-Like Sequences in _ _ _

Dickeya spp. and Pectobacterium spp. Phylogenetic Relationships Between
Complete Genomes Prophages Found in SRP Genomes Based

The analyses of the 57 complete SRP genomes accessed f@mSingle Gene Analyses
GenBank (NCBI) and interrogated with PHASTER and PhiSpyrhe int gene encoding integrase anerL gene coding for the
(Figure 1) resulted in discovery of the prophage-like elementdarge subunit of terminase were present in all 37 screened
in the genomes of 54 of these strains (95% of the genom@sophages Kigures 3A,D), whereas genes encoding holimo()
interrogated). In total, 37 seemingly intact and 48 putdiive and lysin (ys were found within 21 and 27 prophage sequences,
defective prophages were found among these stratimai(e 2, respectivelyFigures 3B,3. Phylogenetic analyses revealed that
Table 1 Supplementary Table L Only threeD. solanigenomes, SRP prophages are diverse, with viruses belonging to the
namely D. solanistrain MK10 (NZ_CM001839.1)D. solani same viral family forming di erent phylogenetic clades. The
strain MK16 (NZ_CM001842.1), ard. solanistrain GBC 2040 phylogenetic distance between prophages calculated based on th
(NZ_CM001860.1) did not harbor any prophage-like elements. amino acid sequences of integrase did not prove to be useful in
Incomplete (putatively defective) prophage-like elementsletermining a phylogenetic association with their host aslearc
were present in the majority of the SRP genomes and rangexkparation of thePectobacteriunand Dickeyaprophage clades
in size from 4.5 to 41kb. Often more than one such ancould be observedsgure 3A).
element was found in a given strain, as for example,Din In contrast, phylogenetic analyses based on amino acid
chrysanthemstrain NCPPB 402 harboring 2 putatively defectivesequences of terminase large subunit, holin, and lysin tesdea
prophagesD. dadantiistrain NCPPB 898 harboring 3 putatively clades of prophages presentlickeyaspp. genomes that were
defective prophages, aid atrosepticurstrain SCRI11043 with 2 distinct from those in the genomes dPectobacteriunspp.
such prophages. strains. This separation of clades was however only partial
Seemingly complete (intact) prophage regions weréFigures 3B-0D. Based on terminase amino acid sequences,
found in 27 Dickeya strains while 10Pectobacteriumspp. seven prophage clades could be distinguished each containing
apparently harbored such prophage genontégijre 2, Table I,  between two and twelve viruses. For integrase and lysin amino
Data sheets 12). More than one complete prophage region wasacid sequences, four prophage clades could be distinguishéd, eac
found in eight SRP (Pectobacteriurspp. and SDickeyaspp.) containing between two and nine viruses.
genomeskigure 2). Phylogenetic analysis using holin sequences di erentiated
The sizes of complete prophage genomes varied from 29 three prophage clades. Interestingly, phiDdal, phiDda6, phiD3,
78 kb and, on average, these viruses comprised between 08 toghiDdd1, phiDzel, and phiDdi6 were grouped together both in
% of the host chromosome. The integration of the prophages tolade | of holin- and in clade Il of integrase-based phylogdiene
the host genomes was in majority randoifaple 1). trees while phiDze2, phiD5, phiD4, and phiDdd2 were grouped
The prophages were integrated near genes coding for strelssth in clade Il of integrase- and clade 1l of holin-baseceti
resistance proteins, transcriptional regulators, enzymeslved Likewise, phiDchl, phiDdi5, phiDdil, and phiDdi3 were present
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Count of prophage-like elements per genome
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FIGURE 2 | Distribution of putatively defective prophage-like elenmés and seemingly intact prophages in 57 complete genomes oSoft Rot Pectobacteriaceae
acquired from GenBank (NCBI). The prophage sequences were dected using PHASTER and PhiSpy and manually curated usinglB\ST (NCBI) using the pipeline
presented in theFigure 1.

both in clade Il of holin- and clade Il of lysin amino acid P. carotovorunsubspodoriferumstrain BC S7 (carrying phiPcl

sequence-based trees. and phiPc2).

No correlation was observed between the host bacterial
Comparative Genomics and Proteomics of genome size and the aggregate prophage genome $izeqR2)
SRP Prophages (data not shown).

the RAST annotated A .dO'[ plot matrix constructed based on average amino acid
entity (AAI) of the 37 prophage proteomes revealed six vigual
istinctive clustersKigure 5); two clusters (Cluster 2 and Cluster

Comparative genomics based on
prophage genome sequences allowed visualization of )

order of ORFs present in all 37 prophage genonfégure 4; .
Supplementary Figure 1 In general, and with the few 3) (Supplementary Tables 34) having a AAI> 90%, one cluster
' i 0,
exceptions mentioned below, the organization of ORFs withirp"’“/mglJ a}[ AA:: .85/0 Ssstgcr)(yl) gupglen:lenta(;y(':l'lablte 26
the 37 SRP prophage genomes was not conserved, exhibiti P clus erst av_:_n(éla d 6 ( Iuster .tﬁn AAIUS Ier )
a high genetic mosaicism. The genome organization of onl l;pp ementary Tables 57), and one clus erwith a only
phiDdi1 and phiDdi3 had high synteny while prophage pairs 5% (Cluster 5)$upplementz_;1ry Table b Five clusters (Cluster
phiDze4 and phiDze5 as well as phiDpal and phiDpa2 exhibiteilj' 2, 3 4,:and 6) were grouping proteomes of prophages pregent
in Dickeya spp. genomes, whereas Cluster 5 was grouping

somewhat lower conservation of gene order. h hosted tobacteri irai id db
The most highly syntenic prophages shared a commoﬁ:Op ages hosted yectobacteriumpp. strains as evidenced by

host bacterial species; PhiDdil and phiDdi3 were founcDin € AAI dot plot matrix.
dianthicola strains RNS04.9 and NCPPB 453, while phiDze . .

and phiDze5 were found iD. zeaeisolates CSL RwW192 and 13r(_as_en_ce of Unlqu? Genes of Bacterial

NCPPB 3531, and prophage phiDpal and phiDpa2 were founfridin in the Seemingly Intact Prophage

in D. paradisiacatrains Ech703 and NCPPB 2511. Only a partiaGenomes

conservation of the order of ORFs was present among phiD£f 37 screened complete prophage genomes, only one, phiDzel
phiD5, and phiDdd2 Figure 4) residing in the phylogenetically did not contain any ORFs of bacterial origin. The other
distinct hostsDickeyasp. NCPPB 3274Dickeyasp. NCPPB 36 prophages contained between 1 (phiD3, phiDdal) and
569 andD. dadantii subsp. di enbachiae NCPPB 2976. As 23 (phiDdil and phiDdi3) ORFs apparently acquired from
noted above, bacterial genomes frequently harbored twiindis  bacterial hosts Kigure 6). Most of the bacterial ORFs found
but complete prophages such as in the caseDofdadantii in prophages encoded proteins involved in primary bacterial
strain DSM 18020 (carrying phiDda2 and phiDdaB),dadantii  metabolism, proteins associated with DNA/RNA repair, energy
subspdi enbachiaestrain NCPPB 2976 (carrying phiDdd1 and transfer, DNA/protein regulation and modi cation and protes
phiDdd2), Dickeyasp. CSL RW240 (carrying phiD1 and phiD2), that may be involved in niche exploitation (e.g., resistance
Dickeyasp. Strain NCPPB 3274 (carrying phiD3 and phiD4),to metal ions, nitrogen assimilation, heat shock proteins)
Dickeyasp. Strain NCPPB 569 (carrying phiD5 and phiD6) and(Supplementary Table &
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FIGURE 3 | Maximum likelihood (ML) tree based on the aligned amino acigequences of integrase (present in 37 prophages)A), holin (present in 21 prophages)B),
lysin (present in 27 prophages)C) and large subunit of terminase (present in 37 prophagegpP) genes of seemingly intact prophage sequences distributechi57 Soft
Rot Pectobacteriaceaegenomes. Phylogenetic studies were performed using Phylametic Pipeline of Information Génomique et Structurale, CRIS-AMU, France
(http://www.phylogeny.fr/) with bootstrap support for 1,00 replicates. The bar indicates the number of substitution per sequence position. The cutoff for separating
the clades was the bootstrap support for particular branchrf) of at least 70% together with the bootstrap support for paticular predecessor branch (n-1) of at
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FIGURE 4 | Comparative analyses of the 37 intact prophage genomes. Baes indicate open reading frames (ORFs) in prophage genomeggudicted by RAST
annotation pipeline. Homological ORFs are marked with theasne color. The analysis and visualization were performed thithe use of DNA Master ver. 5.23.2.

The genes present among the large proportion of théONA is commonly integrated into the host chromosome
seemingly intact prophages were those encoding: (i) methy(Canchaya et al., 20)dittle is known of how commonly such
directed repair DNA adenine methylase (in 21 prophageviruses infect SRP and the extent to which viruses might be
genomes), (i) methyl-transferase (in 9 prophages), and (iiiassociated with virulence or host range of this importantugro
modi cation methylase ScrFIA (in 6 prophages). Interestingl of bacteria {/arani et al., 2013; Czajkowski, 2016
similar sets of bacterial genes were found in di erent groups Initial studies of bacteriophages in this grougErvinia
of prophages such as (1) phiD2, phiDda3, and phiDda4, (2§hrysanthemB937 phage phiEC2) were reported only in 1984
phiDdil and phiDdi3, (3) phiDdi5 and phiDdi6, (4) phiDpal and (Resibois et al., 19%4and while this phage has been widely
phiDpa2, (5) phiDze4 and phiDze5, and (6) phiPc2 and phiPcclised since then for generalized transductionQitkeyaspp.
(Supplementary Table 2 Prophages phiD6, phiDdil, phiDdil, even it has yet to be characterized in detail and little iswkno
and phiPal all harbored homologous genes encoding the itellur about its ecological, genomic and morphological features (f
resistance protein TerB, while prophages phiDpal and phiDpatview see:Czajkowski, 201% While other temperate SPR
all carried the gene for the cation-e ux pump FieF that corder bacteriophages have been recently described (for review see
resistance to cobalt, zinc and cadmium ions. Czajkowski, 201§ little molecular detail is known of these

None of the prophages apparently harbored genes encodingruses. This study was designed to explain to genome sequenc
antibiotic resistance genes and genes coding for allefigsitss  is available for SRP to better understand the frequency of
when analyzed by VirulenceFinder and ResFinder and by manuatcurrence, diversity, and possible functions of viruseshia
inspection with BLAST, and only phiPpal contained a gengroup of bacteria.
potentially involved in biosynthesis of a putatively antaguiai In this study all available 57 (as of August 2018)
factor (monooxygenase antibiotic). Pectobacteriumspp. and Dickeya spp. complete genome

sequences present in NCBI GenBank were screened for the

presence of prophage-like elements. Tinsilicowork ow used
DISCUSSION here Figure 1) allowed the identi cation of prophages in 95% of

SRP genomes. Although prophages are known to constitute even
Despite the fact that the majority of bacterial genomes deapdsi as much as 10 to 20% of a bacterial genome, all of the prophages
in international genomic sequence databases reveal thajgphaanalyzed comprised on average2% of thePectobacteriurapp.
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FIGURE 5 | Pairwise average amino acid identity (AAIl) heatmap among 3dtact SRP prophages. The map was generated using EDGAR—a swiare platform for
comparative genomics Blom et al., 2009).

FIGURE 6 | Distribution of genes of bacterial origin in 37 seemingly tact prophages of SRP. The particular gene found in the propdige was classi ed as being of
bacterial origin when altogether: (i) the gene is frequemtpresent in bacterial genome(s), (ii) is unnecessary to cquiete bacteriophage life cycle, (iii) encodes protein
with an enzymatic activity not required by the virus to inteict with its hosts.

and Dickeyaspp. chromosome. It is noteworthy that the related The majority of the SRP prophages (48 sequences) were
foodborne pathogeriEscherichia colD157:H7 strain Sakai that putatively defective and did not apparently contain those
can sometimes be found in the same habitats as SRP harb@snes essential for bacteriophage interaction with thedtdyzal
much more abundant prophages (16% of its total genoméosts such as integrases and genes coding for viral stalctur
content) Hayashi et al., 2001 proteins. Similarly, some of the screened bacterial genomes

Frontiers in Microbiology | www.frontiersin.org 12 February 2019 | Volume 10 | Article 138



Czajkowski Prophages in Soft RotPectobacteriaceaeGenomes

were also missing putative attachment sites for these prophadeacteria), (pro)phage classi cation is di cultlawrence et al.,
The frequent occurrence of incomplete prophages in bacteriéd002. In this study, contrary to the studies performed earlier in
chromosomes has been reported for various bacteria, inetudi which the usefulness of integrase, holin, and lysin sequefure
human and animal pathogens as well as for saprophytic bacteribe phylogenetic studies of prophages were evaludteidscow
present in soil and wateiJasjens, 2003; Bobay et al., 2014s et al., 2004; Ventura et al., 2005, 2))07one of these genes
widely accepted that bacterial hosts under natural conditiare  proved useful for clear phylogenetic separation of prophages
continuously exposed to phage infections and that some okthe®sf Pectobacteriunspp. andDickeyaspp. into distinct clades.
events may result in long-term and irreversible phage-b&ter Such a lack of phylogenetic association suggests an independen
associations on a genomic levélo(ichon et al., 204 This is  evolution of prophages and their SRP host®(avecchio et al.,
clearly the case fdPectobacteriurspp. andDickeyaspp. since 2017. This is perhaps not a surprise given that SRP are not only
these strains have a worldwide distributiodgrombelon, 2002  naturally present in many and widely di erent environments
The high number of putatively defective prophage sequencés.g., soil, water, plant surface, on and inside insectsatmibften
reported here may further indicate an initial rapid inactiiat  dispersed from one environment to anothétgrombelon, 1988;
of viable prophages in bacterial genome is followed by a slo@harkowski, 2006 All these lifestyle changes would require a
decay of prophage genes due to the accumulations of poimapid adaptation to a new setting, a process that might not
mutations and deletions. This so-called phage domesticditas facilitate stable association of phage with a given habitiost
been reported for otheEnterobacteriacea@s a way to cure (Maetal., 2007; Reverchon etal., 2016
bacterial genomes from the presence of unnecessary anddier to  More than 50% of complete prophage genomes contained not
genetic materialobay et al., 20)4 only the genes encoding structural viral proteins and integs,
The 37 complete prophages found in 29 genomes dbut also genes coding for holin and lysin. Additionally, the 13
Pectobacteriunspp. andDickeyaspp. were characterized in prophages (35% of the complete prophages) contained genes
detail. Bioinformatic analysis of the prophage genes enapdinencoding both proteins. Lysins and holins are viral enzymes
viral structural proteins allowed classi cation of these phages leading to disruption of the host cells and enabling propagatibn
into dierent families of the order Caudovirales (tailed bacteriophages in the environment/gng et al., 2000 As both
bacteriophages) with the SRP prophages oMRieviridaefamily  holin and lysin are viewed as facilitating host infectiofo(ing,
being the most abundant (81% of found prophages). The ordet019, the presence of these genes in SRP prophages may give the
Caudoviralexontains more than 97% of all described phagesst assumption that those viruses may be more infective than
known to infect bacteria with at least 350 distinct phagedtes the prophages lacking one or both gené=i(er et al., 2095
documented as members of this order to dateckermann, This further indicates that in at least these 13 prophages neay b
1998; Fokine and Rossmann, 2D1Z&he great majority of possibly easily induced, thus it they may become transmétabl
existing bioinformatic tools created to analyze bacteriggha upon encounter of particular environmental stimulNénda
genomes have been developed based on the ki@audovirales et al., 201} However, the point must be made that without the
sequences and consequently they may not be well-suited forther experiments, the infectivity of the mentioned propleag
analyze viral genomes belonging to dierent orders and/oremains rather speculative at the moment.
groups. Additionally, more than 99% of all SRP bacteriophages Likewise, the absence of holin and/or lysin or both genesén th
described so far also belong to the ordéamudoviralesand phage genome does not necessarily characterize a bacteg®opha
occur in three families namelyvlyoviridag Podoviridae,and as harmless. For example, the well-characterized infectious
SiphoviridagCzajkowski, 2016 Dickeyaspp. bacteriophage LIMEstoneRdriaenssens et al.,
The genome organization and ORF arrangements was n@01) and #D5 (Czajkowski et al., 20)4both lack the gene
well-conserved across the 37 seemingly intact prophages. Tbeding for holin, and theP. carotovorunmsubsp.carotovorum
exceptions were the 3 prophage pairs (phiDdil and phiDdi3phage PP1 lacks the gene coding for lysiad et al., 2092
phiDpal and phiiDpa2, and phiDze4 and phiDze5) that were It seems likely that induction of SRP prophages will have
highly conserved with respect to each other. This indicates t an impact on environmental tness and virulence of the hosts.
overall, SRP prophages are likely mobile, often being tramesfer An understanding of the conditions in which lysis is induced
between di erent hosts and easily undergoing rearrangesentmight make it possible to achieve some level of control of the
It is well-established that prophages are often highly mosaic diseases caused by these SRP by appropriately modifying the
that their genomes constitute modules that can be intergegah environment. Alternatively, it can be speculated that theviye
between di erent phages by recombinatidda€ndrix etal., 2000)  found holin and lysin genes, produced at an industrial scafgn
As it is believed now, such constant recombination events anbe a useful tool in the biological control of such diseases as
the resulting mosaicism are the major driving force both forpreviously suggesteé¢nton et al., 200
bacteriophage and bacterial evolutioflgndrix et al., 1999; The high abundance of (seemingly intact) prophages in the
Pedulla et al., 2003 SRP genomes may have as well a direct impact on control of
No linkage was seen between the presence of particul®ectobacteriurspp. andDickeyaspp. in agricultural applications.
seemingly intact prophages and bacterial genera, bacteridtophages are known to utilize mechanism called superirtfecti
genome size, geographical location, or the environmentsi fro exclusion which prevents subsequent viral infections ofstime
which the host bacteria were initially isolated. Likewidee hosts Bondy-Denomy and Davidson, 20)L4t can be speculated
to the absence of universal genes in bacteriophages that ctrat e ectiveness of biological control of SRP with the use aof lyt
be used for phylogenetic studies (similar to I&NA gene in  bacteriophages may be reduced due to the prophage-induced
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resistance in the target bacteria. The superinfection siwtu genes in pathogenic strains in comparison with saprophytic, non-

has been analyzed in detail in several human pathogenathogenic bacteriéBusby et al., 20)3The most common gene

bacteria includingescherichia colPseudomonas aerugin@gad  presentin seemingly intact prophage genomes was one encoding

Salmonellapp. (for review seé:abrie et al., 201)Qits ecological methyl-directed repair DNA adenine methylase (EC 2.1.1.72),

role has never been however assessed in SRP. Considering ltkeéng found in 21 viruses. This is a large group of enzymes tha

increasing interest in phage therapy as a means to combat plaapart from being members of restriction-modi cation systeiof

pathogenic bacteria, and speci cally SRP, this topic undouipted many Gram-negative bacteria, plays important roles in refiuia

needs further examination. of genes encoding virulence factors in bacterial pathogéns a
Based on average amino acid identity (AAl), six prophagehe posttranscriptional levelMarinus and Casadesus, 2009

clusters; ve present inDickeya spp. and one within Unfortunately their role, if any, in pathogenicity of SRPs

Pectobacteriunspp. could be identi ed in this large collection remains cryptic.

of strains. As opposed to the phylogenetic analyses based on aThe biggest limitation of then silico work ow used here

single given prophage gene, AAl appears to be a more powerfisl obviously that the classi cation of prophage element to the

method to phylogenetically separate the prophages residing group of intact or defective prophages and their impact on

the genomes oPectobacteriunspp. andDickeyaspp. While the host tness is based on the genome data alone. However,

AAI has been suggested to be a better phylogenetic method for general, the relatively high number of seemingly intact

whole genome-based taxonomy BfokaryotegKonstantinidis  prophages found in the study suggest that the interaction of

and Tiedje, 200§ this method has received little usage in theSRP and bacteriophages in the natural environment may be

phylogenetic analysis of viruses. The presented resultsestigghighly signi cant for the ecology, adaptation, and evolutio

that it would prove useful in bioinformatics analyses of propdag of Pectobacteriunspp. andDickeyaspp. Prophage induction

such as in this study. experiments are now being conducted to further elucidate the
It is well-established that prophages often encode genes thatle of prophages present in SRP strains and to better understand

are not directly involved in viral propagation and infection the molecular basis of (pro)phage-bacteria interactions.

but which can confer a tness benet to their host8¢ndy-

Denomy and Davidson, 20)4These genes can enhance theAUTHOR CONTRIBUTIONS
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