1' frontiers

ORIGINAL RESEARCH
published: 14 February 2019

in Microbiology doi: 10.3389/fmicb.2019.00138
®
May the Phage be With You?
Prophage-Like Elements in the
Genomes of Soft Rot
Pectobacteriaceae: Pectobacterium
spp. and Dickeya spp.
Robert Czajkowski*
Laboratory of Biologically Active Compounds, Intercollegiate Faculty of Biotechnology of University of Gdansk and Medical
University of Gdansk, University of Gdansk, Gdansk, Poland
OPEN ACCESS  goft Rot Pectobacteriaceae (SRP; Pectobacterium spp. and Dickeya spp., formerly
Editedby: ~ KNOWN as pectinolytic Erwinia spp.) are necrotrophic bacterial pathogens infecting

Helene Sanfacon,
Agriculture and Agri-Food Canada
(AAFC), Canada

Reviewed by:

Sian Victoria Owen,

Harvard Medical School,

United States

Antonet M. Svircev,

Agriculture and Agri-Food Canada
(AAFC), Canada

*Correspondence:
Robert Czajkowski
robert.czajkowski@biotech.ug.edu.pl

Specialty section:

This article was submitted to
Virology,

a section of the journal
Frontiers in Microbiology

Received: 08 October 2018
Accepted: 21 January 2019
Published: 14 February 2019

Citation:

Czajkowski R (2019) May the Phage
be With You? Prophage-Like Elements
in the Genomes of Soft Rot
Pectobacteriaceae: Pectobacterium
spp. and Dickeya spp.

Front. Microbiol. 10:138.

doi: 10.3389/fmicb.2019.00138

a large number of plant species worldwide, including agriculturally-important crops.
Despite the SRP importance in agriculture, little is known about the bacteriophages
infecting them, and even less about the prophages present in their genomes. Prophages
are recognized as factors underlying bacterial virulence, genomic diversification and
ecological fitness that contribute to the novel phenotypic properties of bacterial hosts.
Likewise, they are recognized as a driving force of bacterial evolution. In this study,
57 complete genomes of Pectobacterium spp. and Dickeya spp. deposited in NCBI
GenBank, were analyzed for the presence of prophage-like elements. Viral sequences
were discovered in 95% of bacterial genomes analyzed with the use of PHASTER,
PhiSpy, and manual curation of the candidate sequences using NCBI BLAST. In total 37
seemingly intact and 48 putatively defective prophages were found. The 37 seemingly
intact prophages (27 sequences in Dickeya spp. genomes and 10 sequences in
Pectobacterium spp. genomes) were annotated using RAST. Analysis of the prophage
genes encoding viral structural proteins allowed classification of these prophages
into different families of the order Caudovirales (tailed bacteriophages) with the SRP
prophages of the Myoviridae family (81% of found prophages) being the most abundant.
The phylogenetic relationships between prophages were analyzed using amino acid
sequences of terminase large subunit (gene terl), integrase (gene int), holin (gene
hol), and lysin (gene lys). None of these markers however proved fully useful for clear
phylogenetic separation of prophages of SRP into distinct clades. Comparative analyses
of prophage proteomes revealed six clusters: five present in Dickeya spp. and one within
Pectobacterium spp. When screened for the presence of bacterial genes in the genomes
of intact prophages, only one prophage did not contain any ORFs of bacterial origin, the
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other prophages contained up to 23 genes acquired from bacterial hosts. The bacterial
genes present in prophages could possibly affect fitness and virulence of their hosts. The
implication of prophage presence in the genomes of Pectobacterium spp. and Dickeya

spp. is discussed.

Keywords: Pectobacterium spp., Dickeya spp., integrase, attachment site, holin, lysin, bacterial gene, ecological

fitness

INTRODUCTION

It is generally accepted that phages are the most abundant
biological entities in the environment with an estimated number
of 103! particles on Earth. Consequently, they are present in
virtually all habitats in which bacteria exist (Suttle, 2007). Based
on their particular relationship with a host, they can be either
Iytic or temperate (Ackermann, 2003). Temperate bacteriophages
integrate their genetic material into the host genome and persist
inside bacterial cells as so-called prophages (Weinbauer, 2004).
After integration, prophages are maintained in a host cell,
undergoing non-lytic growth typically called a lysogenic state
(Canchaya et al., 2004). During lysogeny phage DNA remains
inactive, except for some regulatory and accessory genes, which
are required to maintain the dormant state of the virus. This
dormant bacteriophage DNA may constitute up to 20% of the
host genome (Casjens, 2003).

The occurrence of prophages can contribute greatly to
bacterial fitness (Bondy-Denomy and Davidson, 2014; Nanda
et al, 2014). Prophages can influence host variability and
evolution and may determine the adaptation of their hosts
to specific ecological niches (Wang et al, 2010; Fortier and
Sekulovic, 2013; Varani et al., 2013). The presence of prophages
may affect bacterial genomes in several ways. For example, their
integration is responsible for gene disruption or translocation
which, in turn, may confer phenotypic changes in the host.
Similarly, prophages may introduce new traits into the host, such
as pathogenicity determinants that alter bacterial fitness. These
new traits might also modulate the switch between lytic and
lysogenic cycles (Briissow et al., 2004). Consequently, prophages
have been studied in a number of bacterial species including plant
pathogens to understand their role in bacterial ecology (Casjens,
2003; Varani et al., 2013). To date, however, they have not been
extensively studied in the Soft Rot Pectobacteriaceae (SRP).

Plant pathogenic Soft Rot Pectobacteriaceae (Adeolu et al.,
2016) [consisting of Pectobacterium spp. and Dickeya spp.,
formerly characterized as pectinolytic Erwinia spp. (Pérombelon,
2002)] are considered to be among the top ten most important
agricultural phytopathogens (Mansfield et al, 2012). They
cause significant losses in crop production (up to 40%)
with disease severity dependent on weather conditions, plant
susceptibility and pathogen inoculum. Among the economically
most important hosts worldwide are potato, carrot, tomato,
onion, pineapple, maize, rice, hyacinth, chrysanthemum, and
calla lily (Perombelon and Kelman, 1980; Charkowski, 2018).
SRP are widespread in various ecological niches including
bulk and rhizosphere soils, water, sewage, the surface of host
and non-host plants, and the surfaces and interior of insects

(Perombelon and Kelman, 1980; Grenier et al., 2006; Rossmann
et al., 2018). Because of the diverse habitats in which they
can be found, bacteria presumably also exhibit diverse lifestyles
because of their transfer between these different environments;
for example, from plants to soil, from plant to plant, from host
plant to non-host plant, from surface and/or irrigation water to
plants, from water to soil, and vice versa) (Charkowski, 2018).
In all of these surroundings the SRP can encounter lytic and
temperate bacteriophages and hence may become easily and
repeatedly infected (Canchaya et al., 2004).

The knowledge of prophages present in SRP genomes is
currently very limited as only a few temperate bacteriophages
that specifically infect Pectobacterium spp. and Dickeya spp.
have been characterized (for review see: Varani et al.,, 2013;
Czajkowski, 2016). The viruses that have been characterized
include temperate bacteriophage ®EC2 infecting D. dadantii
and D. solani (Resibois et al, 1984); bacteriophage ZF40
(Korol and Tovkach, 2012) infecting P. carotovorum subsp.
carotovorum; bacteriophages phiTE (Blower et al., 2012), phiM1
(Blower et al., 2017), ECA29 and ECA41 (Evans et al,
2010) infecting P. atrosepticum; and bacteriophages LIMEstone
1 and LIMEstone2 infecting D. solani (Adriaenssens et al.,
2012; Day et al, 2017). Likewise, the biological role of
only two prophages present in SRP genomes (ECA29 and
ECA41 localized in the genome of P. atrosepticum strain
SCRI1043) have been elucidated to date as being involved in
modulation of host swimming motility and virulence in potato
(Evans et al., 2010).

The aim of this study was to identify prophage-like sequences
in the complete genome sequences of Pectobacterium spp. and
Dickeya spp. strains deposited in GenBank (NCBI) and to
characterize these prophages using comparative genomic tools.
The implications of the presence of prophage in SRP genomes
and the way these genetic elements may contribute to ecological
fitness of Pectobacterium spp. and Dickeya spp. are also discussed.

MATERIALS AND METHODS

Data Collection and Identification of
Candidate Prophage Sequences in
Complete Genomes of Dickeya spp. and

Pectobacterium spp.

The strategy used to identify and characterize prophages in
SRP genomes is presented in Figure 1. Fifty seven complete
genome sequences (17 Pectobacterium spp. genomes and 40
Dickeya spp. genomes) were accessed from NCBI (National
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FIGURE 1 | The workflow for identification and characterization of SRP
prophages. The blue rectangles represent the tools and methods used for
identification of prophages’ sequences in bacterial genomes and the white
rounded rectangles represent the (input) data used for the analyses.

Comparative analyses of the
prophage genomes

Center for Biotechnology Information, https://www.ncbi.nlm.
nih.gov/) (August 2018) (Table 1).

Candidate prophage-like elements were identified with
PHASTER (http://phaster.ca/) using settings described in (Arndt
et al., 2016) and with PhiSpy (https://edwards.sdsu.edu/PhiSpy/
index.php) using settings described in Akhter et al. (2012),
followed by manual inspection of the sequences for the
presence of signature genes: attachment sites (att), gene(s)
encoding integrase(s), terminases(s), transposases(s), genes
coding for structural viral proteins and the sequences of
prophage integration sites, as suggested by others (Boyd
and Briissow, 2002). The candidate prophage-like element
was defined as seemingly intact prophage when its sequence
contained altogether: (i) phage attachment sites, (ii) genes
encoding structural phage proteins, (iii) genes coding for proteins
involved in DNA regulation, insertion to the host genome and
lysis. Consequently, the candidate prophage-like element was
defined as putatively defective when its sequence lacks one or

more features (genes) as described above (Akhter et al., 2012;
Arndt et al., 2016).

Furthermore, any two seemingly intact prophages were
characterized as the same prophage if their genomes shared
at least 95% nucleotide identity. Prophages were characterized
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.nlm.nih.gov/
Blast.cgi). The presence of structural genes in prophage
sequences was verified by the VirFam (http://biodev.cea.fr/
virfam/) using settings described in Lopes 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 in Aziz 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, Pennsylvania,
USA) (http://en.bio-soft.net/dna/dnamaster.html) using settings
advised in Pope and Jacobs-Sera (2018).

The attL and attR attachment sites were identified using
PHASTER (http://phaster.ca/) as described in Arndt et al.
(2016) and manually inspected using CLC Main Workbench 7
(Qiagen) by assessing the phage localization in the host genome.
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
bacteriophages (Lawrence et al., 2002; Adriaenssens and Cowan,
2014), phylogenetic characterization of bacterial viruses and
prophages may be based on comparison of different sequences
e.g., encoding integrase, large subunit of terminase, holin and/or
lysin (syn. endolysin, murein hydrolase). Amino acid sequences
derived from int, hol, lys, terL, respectively, were used to
phylogenetically analyze the 37 seemingly intact prophages in
this study. For this, sequences were aligned with MUSCLE
(v3.8.31) configured for highest accuracy (MUSCLE with default
settings), after alignment, ambiguous regions (i.e., containing
gaps and/or poorly aligned) were removed with Gblocks (v0.91b)
using the following parameters: (i) minimum length of a
block after gap cleaning equal to 10, (ii) no gap positions
were allowed in the final alignment, (iii) all segments with
contiguous non-conserved positions bigger than 8 were rejected,
(iv) minimum number of sequences for a flank position equal
to 85%, graphical representation and edition of the phylogenetic
tree were performed with TreeDyn (v198.3).

Comparative analyses of the prophage genomes were done
using EDGAR (Blom et al., 2009) accessed via (https://
edgar.computational.bio.uni-giessen.de) with settings described
in Blom et al. (2009), DNA Master (Lawrence, University
of Pittsburgh, Pennsylvania, USA) (http://en.bio-soft.net/dna/
dnamaster.html) and BLASTn (accessed via (https://blast.
ncbi.nlm.nih.gov/Blast.cgi). Pairwise comparison of sequences

Frontiers in Microbiology | www.frontiersin.org

February 2019 | Volume 10 | Article 138


https://www.ncbi.nlm.nih.gov/
https://www.ncbi.nlm.nih.gov/
http://phaster.ca/
https://edwards.sdsu.edu/PhiSpy/index.php
https://edwards.sdsu.edu/PhiSpy/index.php
https://www.ncbi.nlm.nih.gov/genbank/
https://www.ncbi.nlm.nih.gov/genbank/
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
http://biodev.cea.fr/virfam/
http://biodev.cea.fr/virfam/
http://en.bio-soft.net/dna/dnamaster.html
http://phaster.ca/
http://www.phylogeny.fr/
https://edgar.computational.bio.uni-giessen.de
https://edgar.computational.bio.uni-giessen.de
http://en.bio-soft.net/dna/dnamaster.html
http://en.bio-soft.net/dna/dnamaster.html
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://blast.ncbi.nlm.nih.gov/Blast.cgi
https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Prophages in Soft Rot Pectobacteriaceae Genomes

Czajkowski

(penupuoD)

uiejoid [eoneyiodAy iy (c2 '102820 ON) ¥/9'/6V'C (2'©26100NO ZN)
uunniBbewsy GN3S 8beyd gjeuowes SEPLINOAYY OIVVLLLIIDLY az -6eg'eer'e ‘OveMd IS0 “ds ehexoig zayd L
(1"0¥8LOOND ™ ZN)
eselojsuenifooe Ajiwey [YND Y (21 ‘'S1LEE00 ON) ‘vege
Jopodsuely xniye Ajures 31N 2dH ebeyd snjydowseH oEPLINOAYY DIOVYVYVYOLODL 299 6.1'098 — 86176/ gddON gjoojpueip edexoig  gpayd ol
aselgjsuenifiooe Ajwey 1YND Y (£1 'G1£200 ON) €05°020°L (1"868100NO™ ZN)
Jopodsuely xniye Ajwe) 31N 2dH 8beyd snjydoweer SEPLINOANY DIOVVYVYYOLODL 219 -922'€00'L ‘6602 099D godyuep efexoig  Sipaud 6
durg
JO}0B} Uolieiniew auwosoqgu iy
JorenBal feuonduosuen (82 ‘€9v0L0 ON) (1" L¥8LOOWD ™ ZN)
Alwey yioy/diel 1 z-sled ebeyd euspoeqoieiuy SEPUINOAN INISTHERENISSN) 8'09 912'099 - €68'665 ‘€97 9ddON Boduep eAexolg  elpaiud 8
VSNN uejoud
uoneulwIelue/uoieuluLIS)
uonduosuel; iy
Joje|nBai feuonduosuedy (82 ‘€900 ON) (186971040 ZN)
Ajwey yioy/diel 1 z-sjeq ebeyd euspoeqoisiuy SEPLINOANY LIDLLID9DD 8'09 v1v'2ey — 16G°19¢ ‘6'7OSNY gloomjpueip edexoig  Lipayd i
UIXO} Ajiwey iey VOVLOOLL
weshs uxoppue-uIxo} || 8dA} Y (21 ‘2691007 ON) NAioeeliveneee (1'2861L00WD™ZN)
utelold [eoneyiodAy LdH eBeud snjiydowser SEPUINOAY VO L 1DVDHDDDDD10DVODIDDL gze /6€'968 — 298'698 '/€G€ 9ddON muepep efexoig  gepaiyd 9
YWVYLLLIYDOOVDHDDDO
YVOHODOHYOVODIDIVYD (1'8261L00WD " ZN)
ne-wNY} Y (12 'v10920"ON) 1LOVODDDDVOVOOODIDDLY Zrsoro'e ‘9,62 9ddON eelyoequeyeip
oseA| erejoed 88d ebeyd euspoeqoisiuy oEPLINOAYY OVOOVLIDDDOVWOLY zse -9v2'G/6'C ‘dsqns muepep efexoig  zppaud S
urejoid Ajiwey-guol. iy (1"8261L00WD ZN)
uiejoud Ajiwiey Uixo} ID10y/IFIay (21 *2691007ON) ‘962 9ddON eEIyoEqUayeIp
aselsjsue} |Apnosjonu i1 LdH ebeud snjiydoweer oEPLINOAYY YYVOLIDOVLIVL 6'l¥ €60'606 — 0€ 1198 ‘dsans muepep edexoig  LppAIYd 14
OLLLIILLIOD
osesodsue) iy (¢z 1028207 ON) DOVODLYDLLDDIO00 (1'9261L00WD™ZN)
uiejoid souelsisel sseus 1 GN3S ebeyd gjeuowes oEPLINOAYY 9011101910001VOOVOV 1've 788602 — 165 VL1 ‘868 9ddON /uepep eAexolg  yepdiud 3
ulgloid 8oue)SISal SSaNS Y
asepiue (22 '102820 ON) /16'0S.'y (1°29¥£20d0 ZN)
auosandiAoweqeo-N 7 SN3S ebeyd gjeuowres SEPUINOAN VOWWLYOLLVYY 6er -910°20.'7 ‘0208 INSQ muepep eAexolg  epdiud z
VYNY
Jobuassaul-Jajsuel) — \ISS Y
Joyoeye welshs (21 °269100ON) VOVLOOLIYYVOO (1°00S7 10 ON)
uonesoss |A 8dAy Ajwey doH LdH ebeyd snjydoweer oEPLINOANY O19509D000VVOLLOVOHDD 6'le £62' /16—~ 2LE'S16 ‘,66¢ muepep eAexoig  Lepdiud b
'ddS VA3XOId 40 STINONID NI LN3IS3Hd SIDVHIOHd
(sureroad
Jejiwis "ou ‘uoissadoe
Yueyl ybu Y yueguay) abeydoid
Sjueyy Yo 3y} ul punoy asoy (v1og “le 10
‘@ousnbas abeydosd 03 , Jejiwis }sow sulejoud sadon) wedlp
pajesbajul ayy Bupjueyy J0 Jaquinu 3saybiy 0} Buipioooe uoibas  (gy) azis awouab |elaloeq

awouab 1soy ay} ul S4HO

ay yum abeyd oy

uoneoyisse|

juawyoepe abeyd anneind abeydoid

ul sajeuipiood

(uoissaooe yueguan) 4soy abeydoid

‘ON

“(I9DON) Mueguen) wouy peurelqo (‘dds wnuejoeqojoed pue dds eAexoiq) eeeoeLie1oeqo1oad 104 JoS Jo sewoush a1e|dwod ayy ul Jusseid sebeydoid joejul Jo sainjes) olwousy) | | 319V.L

February 2019 | Volume 10 | Article 138

Frontiers in Microbiology | www.frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Prophages in Soft Rot Pectobacteriaceae Genomes

Czajkowski

(penunuoD)

aseA| sjejoad 1y 00019VVIL1999
AIAN JorenBel esuodsel (L2 ‘710920 ON) 09151090901 1909901 £86'68. | (1'586100NO ZN)
we1sAs Jusuodwoo-om) i 88d ebeyd eusroeqoseiuy oepLINOAYY 00DIVYWVLLL 9'6¢ -692'00.'L ‘BIMIN evez BADNYOIg  99zQud [
aswa
suoiadeyo Bupesiyoold je| 1y (52 ‘710920 ON) 7182572 (1"086LO0WD ™ ZN)
aseusboipAysp |oupisly 88d ebeyd euepoeqoieiy oBPLINOAN 19900VLID09DDL0 T'.S - £90°00%'2 ‘185 dddON eeez efexoig  gezaud 0z
aswa
auosadeyo Bupesyjooid je| 1y (v ‘710920 ON) /¥€'0/5'C (1'2261L00WO"ZN)
aseusBoipAysp |oupisly 88d ebeyd euspoeqoieiuy SEPUINOANY 19900VLID09910 285 -8LL21S8'C ‘261Md ISD erez eAeyoig  yezaud 6l
DOOOVOVYD
LLL1990090190901 1
asejeydsoydjioe iy (91 ‘710920 ON) 10DOVVOVLOLOVVYOOLLY GlLz'oLL'e (1"8G8L00ND ™ ZN)
uiejoud AjiLie) eseIRWSIOYO0S! 17 88d ebeyd euspoeqoieiy oBPUINOAN OVOVLOVOOVODODOL 19 -9gp'eel'e ‘268SE dddON eeez efexoig  gezauyd 8l
AN JopeinBes esuodsel YWVLLLIVODOVYDHIDDOVYDD
wieysAs Jusuodwioo-omy 1y (12 ‘710920 ON) DOOVIVIDIDOVYILLOVOODDD 796°128'C (1"62690040 ZN)
oseA| erejoed 1 88d ebeyd euspoeqoieiy SEPUINOANY HYHYODDDLDDIVOD 8'/¢ -8v1'¥8.'C ‘Log eeezefexoig  zezauyd A
VOVLOOLIVYVYOOO1D
gdws ueyold Buipuig-viss Y (81 ‘2691007ON) 00000VVYOLLOVODD (1'265€1L0ON)
oselojsuelyjhoe LdH eBeud snjydowser SEPLINOAYY DOO10OVODIDDL 8'62 951'878 — 682'818 ‘9ggyog eeez eAexoig  Lezqud 9l
upyoid [eonsylodAy iy
AN JopeinBes esuodsel (0z ‘119920 ON) 825'9e/'C (1'5261L00WD™ZN)
welsAs Jusuodwoo-omy 17 2-49 ebeyd geisprempg oEPLINOAYY OLLIVVLIVVOL 8'e9 -169'2/9'C ‘89S dddON ‘ds edexolg oayd Sl
AN Jo1eInBas asuodsal YWVYLLLIVODOVODDDD
welsAs usuodwoo-om iy YVOODIOVOVIDIDOVYOLLOVD
uiejoid (12 ‘710920 ON) DD0HVYOVIOIDLDDIVODDLVL £6'0/9°C (1°5261L00WD™ZN)
sixejowsyo Bundeooe-iAyiew 7 88d ebeyd euspoeqoisiuy SEPLINOANY 1OVOOVYOVOLVIVLL 786 - /v¥'2e9'C ‘69 9ddON “ds edexoig sauyd Al
YWVYLLLIYDODOVD
009OVVYHODOD
AN JoreinBes esuodsal YOVODODOVYOLLOVOODODVD
wesAs Jusuoduwoo-omy iy (12 ‘710920 ON) VOOODLDDIVOVOOVL 106'761'C (1'6261L00WD™ZN)
aseA| eejoed 7 88d ebeyd eLeoeqoieiug oEPLINOAN 19099OVVOVLIVIVLLIOL oy -825'¥SL'e '¥/2€ 9ddON ds edexoig rQiyd el
UIXo} Ajiwey iey
wlsAs uxoppue-uIxo} || 8dA} Yy (91 ‘51LEE00 ON) (1'6261L00WD ZN)
urejoud [eoeyiodAy 2dH 8beyd snjydoweer oEPUINOAN VOV.LOOLIYWYYOHOO1D0 €e G/¥'G/8 - 8LY'er8 ‘v12€ dddON "ds edexoig eayd zh
(sureroad
Jejiwis "ou ‘uoissaooe
yueyy ybu Y yueguayn) abeydoad
Sluely Yol ayy ul punoy asoyy (rrog “le 10
‘@ousnbas abeydosd 03 , Jejiwis }sow suiejoud sadoT) wedlp
pajesbajul ayy Bupjueyy J0 Jaquinu 3saybiy 0} Buipioooe uoibas  (gy) azis awouab |elsloeq
awouab 3soy ay} ui S44O ay} yum abeyd ayy uolneoyisse|n juawiyoeyle abeyd anneind abeydoud ul sajeulpioo) (uoissaooe yueguay) ‘)soHy abeydoad "ON

penujuoD | | 319VL

February 2019 | Volume 10 | Article 138

Frontiers in Microbiology | www.frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Prophages in Soft Rot Pectobacteriaceae Genomes

Czajkowski

(penuuoD)

uiy04d [eonsylodAy Y

aseJajsueljAuIo) (1'G25810 ON)
opiweuoA|BiAsoguoydsoyd (82 ‘669820 ON) 620'9€}'C '1200d wnionojoreo “dsans
Juspuadep-a1ewlo) 1 #EN3S obeyd gjpuowes oBPLINOAWY D199D1 1 9V -0¥8'880°2 WiNJ0A0J0JBD WNLIBIOBGOIO8] 290diyd 62
aseJsjsueliApneydsoyd-g
epeydsoyd-¢ VWVLLLIVOD
~|0190A|6-|0100AIBIA0BIP-4dD Y OVHOODIVVYOIDDOVIVIDD (1216210 ON)
urejold (12 ‘510620 ON) DOVVOLLOVODDODDDDD ¥89'¢ce0'e ‘10d wnionojosed "dsans
sixejowsyo Bundeooe-jAyiew ¥N3S 8beyd gjeuowes SBPLINOAN 009D190IVVOLIVVVLL ¥'9¢e -1%22'986'C winioAojo./ed winlieoeqoioed 100diyd 8¢
'ddS WNIH3LOVE0.L03d 40 SINON3O NI LN3IS3Hd STOVHJOHd
osed| ajejoad 1y 0001OVVYOLLD9909D (1706 100NO"ZN)
AN JoreinBes ssuodsed (92 '€9¥01L0ON) 191090901190990 0818€9'L ‘91§
wesAs Jusuodwoo-omy 1 z-sje4 ebeyd eusjoeqossiuy 9EPLINOPO 100DIVYWVLLL [0)7 -950'86G'L gddON fweypuesAiyo edexoig  Lyoayd /2
uejoid [eonaylodAy iy
/01 OSERUIUAS (1 '¥26000 ON) 0v2'0LL'} (2'e/6100NO ZN)
auIPnAOIL-g YNU} T MEE6 ebeyd eLsjoeqoseiug 8EPUINOPOS 1LIVOVOLOLLLIVOLIVD g'es A | WAVAN ‘OveMd IS0 “ds efexoig Lauyd 9¢
aseA| ejejoad 1y (02 ‘229610 ON)
JoyeinBel ovd4z 182'919' (1-09760040 ZN)
feuonduiosuedy Ajiwey 3yx 1 ebeyd wnpepoeqoroed eepLIroyalS O1OVOVVLIVOD 9'/G - 12L'6ss'y ‘0 LN /uejos eAexolg Losqauyd 14
yXxdD eseun aulpisly
Josuas ssalls adojpaus iy (1L'2G8 100D~ ZN)
asereydsoydsig-esojonly (81 *10.820 ON) eS.'elv'y ‘LiSe
|| ssepo 7 GN3S ebeyd gjeuowres eepLinoyals VOLVVLLODIDL 7’98 -86¢'//E'Y 9ddON eoeisipesed efexoig  zedayd ve
uyoid
90UE]SISaI SSaUIS aneInd Y
| ssejo (81 '102820 ON) GE6°9SY'Y (¥591.00d0)
‘osejeydsoydsia-g* | -esojony 7 GN3S ebeyd gjeuowies eepLInoyals VOIVVLIDODIOL 7'9¢ -225'0er'y ‘02403 eoeisipesed eAexoig  Ledguyd €2
0010101000001
goo eselejsuelyifjAuepe (61 ‘229610 ON) VVVOLIDDDDDOOVIOL
aseyjuAs-upsidopgAiow iy ov4z OVYVODDDOVIOVOODOD €60°200'C (1"29¥£20d0 ZN)
syy uiejoid uoneloss A 8dA} ebeyd wnriepoeqoroad eepLInoyais YWYVYHO 1019900 Az - 99G"/v6't ‘02081 INSQ /muepep eAesxolg  zepdiud 44
(suioyoud
Jejlwis "ou ‘uoissaosoe
yueyy y6u iy yueguayn) abeydoid
“jueyy Yo 9y} ul punoj asoyy (vLozg “le 1o
‘@ouanbas abeydoid 03 , Jejiwis 3sow suisjoud sadon) wedup
pajesbajul ayy Bunjueyy J0 Jaquinu }saybiy 0} Buipioooe uolbas  (qy) azIs awouab |els1oeq
awouab isoy ay} ur s440 ay} yum abeyd ay uoneoyisse|d juawiyoeye abeyd anneind abeydoud ul S9jeuIpioo) (uoissaooe yueguay) ‘soy abeydoid ‘ON

penuiuod | 1 31GvVL

February 2019 | Volume 10 | Article 138

Frontiers in Microbiology | www.frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Prophages in Soft Rot Pectobacteriaceae Genomes

Czajkowski

“YiBusy| uejoid sjoym 8y 1eAo AJUep! PIOE OUILE %0/ 1SBS] IV s

Japodsuel} SN Xniwe
Brupnu Ajwey wijo/409 o

(1°062510d0 ZN)

Hul9 uieioid Buipuig-eressans (€} "v¥€00 ON) 119'e89'c ‘v0ee
Jepodsuel; Ogy sulwemn|d NS 8beyd euspoeqoisiuy oepLIroyals YWO1HDHOVOVOD 29 - Sov've9'e dg40 eeigesem wnuejoeqooed  Lemdiyd VA,
uisioid Buipulg-wnioeo Y (1°062510d0 ZN)
Onuz uisjold Buipuig-d1v (81 ‘0£S00 ON) 70£'896°C ‘y0ce
Jepodsuen Ogy ouiz 1 gdsd obeyd eusjoeqoseiuy oEPLINOAYY OLVVVWVYIVOOV 8IS -gLy'9le'e dg40 eeigesem wnuejoeqoioed  gemdiyd 9
(S} 0S2220ON) s (167251040 ZN)
asexelel 'y S- L6Vl 889°/€€'C ‘V1-2v-80
ueyoud Bulpuig-yYNa ebeyd eusjoeqoeiuy eBPUINOAN AVVIVVYWYVLLYL €cL -908£'692'2 SNY Mepuswied wnieioeqojoed  Leddiyd Ge
Josues (1:21600d40 ZN)
[eyow Anesy olwsejduad 1y (2 1028207 ON) 0DDOVODIVOLYD 025'vS.'y Vie
Jepodsuesy Jebns 7 GN3S ebeyd gjeuowes SEPLINOANY O1000OVVYVYYWYYWYY gce -eve'tel'y winoldesole Wniieoeqoroad gediyd ¥€
700+ Jopodsuel} 8yeullo) iy (1'521600d0 ZN)
uteold Ajiwey eseuljoidoxo (91 269100 ON) 09¢'/G61'2 Vie
/OSEUIOIUEPAY:T LdH efeyd snjydoweer SBPLINOAN OVOLOVLIVOOOY S've -¥6.'22}4'C winojdeso.e Wniieoeqoroad cediyd €e
ese1onpal (L%2200d40"ZN)
8pYINSIP-UIXOpaIoIY} Y (91 269100 ON) 0£5'2e6'C ‘80-01O0
ose|oIpAYOpPILLE 7 LdH ebeyd snjydowser oEPLINOAYY VYOOOVIVYVOVY 8. - viY'v¥8'C wnopdeso.e WnLeoeqolodd rediyd ze
VWVLLLIVODOVYOOOD
OVVOOHDOOVYOVODID (1'829600d2)
SAD-YNU} Y (82 ‘669820 ON) OVVOLLOVODDODOHODDD 92r're0'e '/S 0g wnugjuopo “dsans
8seoliey 7 YENTS ebeyd gjeuowes OBPLINOAN 00D19DIVVOLY 9'8¢ - 608'S66'C WwinioAojO.IBO WnlI81oeqoIoad zodiud Le
uiejoid feoneyiodAy iy (0€ "22s61+0ON) (1-829600d2)
oselajsueIAuLIo) ov4z 86/'G51'2 'JS Og wnJajopo ‘dsqns
aplweuloA|BiAsoquoydsoyd:T abeyd wnuejoeqooed oBPLINOAYY D19901 el - /S¥'e0L‘e WiNJOAOJOJBD WINLIBIOEQOI08 Lodiyd 0g
(suioyoud
JeJIWIS "0U ‘uoissadoe
Nueyy y6u iy yueguayn) abeydoid
“jue)y Yo 8yj ul punoy asoyy (vLozg “le 1o
‘@ouanbas abeydoid 01 , Jepwis }sow sueodd  sado) wedqup
pajesbajul ayy Bupjueyy Jo Jaquinu 3saybiy 0} Buipioooe uoibas  (qf) azis awouab |eusjoeq
awouab 1soy ay} ur s440 ayr yum abeyd ayy uoneoyisse|d juawyoene abeyd anneind abeydoid ul S9jeuIpioo) (uoissaooe yueguay) ‘4soH obeydoid "ON

penunuoy | 1 318VL

February 2019 | Volume 10 | Article 138

Frontiers in Microbiology | www.frontiersin.org


https://www.frontiersin.org/journals/microbiology
https://www.frontiersin.org
https://www.frontiersin.org/journals/microbiology#articles

Czajkowski

Prophages in Soft Rot Pectobacteriaceae Genomes

(BLAST) (Altschul et al., 1990) was analyzed using MAUVE
as described in Darling et al. (2010) (computational settings:
alignment with progressiveMauve (aligner: Muscle 3.6), default
seed weight (15), full alignment (minimum island size: 50,
maximum backbone gap size: 50, minimum backbone size: 50),
use of seed families: yes, iterative refinement: yes, determination
of LCBs: yes), and DNA Master.

The presence of genes of bacterial origin in the prophage
genomes was assessed by NCBI BLAST searches. For this, the
gene was classified as being of bacterial origin when altogether:
(i) the gene (encoding known or hypothetical protein) is
frequently present in bacterial genome(s), (ii) is unnecessary to
complete bacteriophage life cycle, (iii) encodes protein with an
enzymatic activity not required by the virus to interact with its
hosts. The presence of putative virulence-associated genes and
antibiotic resistance genes in the viral genomes was assessed
using VirulenceFinder ver. 1.5 (https://cge.cbs.dtu.dk/services/
VirulenceFinder/) and ResFinder ver. 3.0 (https://cge.cbs.dtu.
dk/services/ResFinder/), respectively, with setting described in
Kleinheinz et al. (2014).

RESULTS

Presence of Prophage-Like Sequences in
Dickeya spp. and Pectobacterium spp.

Complete Genomes

The analyses of the 57 complete SRP genomes accessed from
GenBank (NCBI) and interrogated with PHASTER and PhiSpy
(Figure 1) resulted in discovery of the prophage-like elements
in the genomes of 54 of these strains (95% of the genomes
interrogated). In total, 37 seemingly intact and 48 putatively
defective prophages were found among these strains (Figure 2;
Table 1; Supplementary Table 1). Only three D. solani genomes,
namely D. solani strain MK10 (NZ_CMO001839.1), D. solani
strain MK16 (NZ_CM001842.1), and D. solani strain GBC 2040
(NZ_CM001860.1) did not harbor any prophage-like elements.

Incomplete (putatively defective) prophage-like elements
were present in the majority of the SRP genomes and ranged
in size from 4.5 to 41kb. Often more than one such an
element was found in a given strain, as for example, in D.
chrysanthemi strain NCPPB 402 harboring 2 putatively defective
prophages, D. dadantii strain NCPPB 898 harboring 3 putatively
defective prophages, and P. atrosepticum strain SCRI1043 with 2
such prophages.

Seemingly complete (intact) prophage regions were
found in 27 Dickeya strains while 10 Pectobacterium spp.
apparently harbored such prophage genomes (Figure 2; Table 1;
Data sheets 1, 2). More than one complete prophage region was
found in eight SRP (3 Pectobacterium spp. and 5 Dickeya spp.)
genomes (Figure 2).

The sizes of complete prophage genomes varied from 29 to
78 kb and, on average, these viruses comprised between 0.6 to 1.8
% of the host chromosome. The integration of the prophages to
the host genomes was in majority random (Table 1).

The prophages were integrated near genes coding for stress
resistance proteins, transcriptional regulators, enzymes involved

in the fundamental bacterial metabolism, two-component
systems, transporters as well as coding for hypothetical proteins.
Six prophages however viz. phiDchl, phiDdd2, phiDsoll,
phiD4, phiDze2, and phiDze6 were integrated near the genes
coding for pectate lyases, one of the most important virulence
factors of SRP.

All of the complete prophage genomes possessed structural
components that were typical of phages in the order Caudovirales
(tailed bacteriophages), enabling the classification of 30
prophages (81%) to the Myoviridae family, 5 prophages (13.5%)
to the Siphoviridae family, and 2 prophages (5.5%) to the
Podoviridae family (Table 1).

This study did not reveal the presence of non-integrase
based forms of lysogeny, such as that of transposable phages or
plasmid-based replication. As the workflow included PHASTER
and PhiSpy, it could be expected to detect these sorts of
phages if they existed in the dataset. Furthermore, three
prophages (viz. phiDda2, phiDsoll, and phiPcl) present in
the genomes of D. dadantii DSM 18020, D. solani ND14b,
and P. carotovorum subsp. odoriferum BC S7, respectively,
share significant similarity with well-characterized temperate
bacteriophage ZF40 infecting Pectobacterium carotovorum subsp.
carotovorum (Table 1) (Korol and Tovkach, 2012).

Phylogenetic Relationships Between
Prophages Found in SRP Genomes Based

on Single Gene Analyses

The int gene encoding integrase and terL gene coding for the
large subunit of terminase were present in all 37 screened
prophages (Figures 3A,D), whereas genes encoding holin (hol)
and lysin (lys) were found within 21 and 27 prophage sequences,
respectively (Figures 3B,C). Phylogenetic analyses revealed that
SRP prophages are diverse, with viruses belonging to the
same viral family forming different phylogenetic clades. The
phylogenetic distance between prophages calculated based on the
amino acid sequences of integrase did not prove to be useful in
determining a phylogenetic association with their host as no clear
separation of the Pectobacterium and Dickeya prophage clades
could be observed (Figure 3A).

In contrast, phylogenetic analyses based on amino acid
sequences of terminase large subunit, holin, and lysin revealed
clades of prophages present in Dickeya spp. genomes that were
distinct from those in the genomes of Pectobacterium spp.
strains. This separation of clades was however only partial
(Figures 3B-D). Based on terminase amino acid sequences,
seven prophage clades could be distinguished each containing
between two and twelve viruses. For integrase and lysin amino
acid sequences, four prophage clades could be distinguished, each
containing between two and nine viruses.

Phylogenetic analysis using holin sequences differentiated
three prophage clades. Interestingly, phiDdal, phiDda6, phiD3,
phiDdd1, phiDzel, and phiDdi6 were grouped together both in
clade T of holin- and in clade II of integrase-based phylogenetic
trees while phiDze2, phiD5, phiD4, and phiDdd2 were grouped
both in clade III of integrase- and clade II of holin-based tries.
Likewise, phiDchl, phiDdi5, phiDdil, and phiDdi3 were present
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FIGURE 2 | Distribution of putatively defective prophage-like elements and seemingly intact prophages in 57 complete genomes of Soft Rot Pectobacteriaceae
acquired from GenBank (NCBI). The prophage sequences were detected using PHASTER and PhiSpy and manually curated using BLAST (NCBI) using the pipeline

both in clade IIT of holin- and clade III of lysin amino acid
sequence-based trees.

Comparative Genomics and Proteomics of
SRP Prophages

Comparative genomics based on the RAST annotated
prophage genome sequences allowed visualization of the
order of ORFs present in all 37 prophage genomes (Figure 4;
Supplementary Figure 1). In general, and with the few
exceptions mentioned below, the organization of ORFs within
the 37 SRP prophage genomes was not conserved, exhibiting
a high genetic mosaicism. The genome organization of only
phiDdil and phiDdi3 had high synteny while prophage pairs
phiDze4 and phiDze5 as well as phiDpal and phiDpa2 exhibited
somewhat lower conservation of gene order.

The most highly syntenic prophages shared a common
host bacterial species; PhiDdil and phiDdi3 were found in D.
dianthicola strains RNS04.9 and NCPPB 453, while phiDze4
and phiDze5 were found in D. zeae isolates CSL RW192 and
NCPPB 3531, and prophage phiDpal and phiDpa2 were found
in D. paradisiaca strains Ech703 and NCPPB 2511. Only a partial
conservation of the order of ORFs was present among phiD4,
phiD5, and phiDdd2 (Figure 4) residing in the phylogenetically
distinct hosts Dickeya sp. NCPPB 3274, Dickeya sp. NCPPB
569 and D. dadantii subsp. diffenbachiae NCPPB 2976. As
noted above, bacterial genomes frequently harbored two distinct
but complete prophages such as in the case of D. dadantii
strain DSM 18020 (carrying phiDda2 and phiDda3), D. dadantii
subsp. diffenbachiae strain NCPPB 2976 (carrying phiDdd1 and
phiDdd2), Dickeya sp. CSL RW240 (carrying phiD1 and phiD2),
Dickeya sp. Strain NCPPB 3274 (carrying phiD3 and phiD4),
Dickeya sp. Strain NCPPB 569 (carrying phiD5 and phiD6) and

P. carotovorum subsp. odoriferum strain BC S7 (carrying phiPcl
and phiPc2).

No correlation was observed between the host bacterial
genome size and the aggregate prophage genome size (R* = 0.02)
(data not shown).

A dot plot matrix constructed based on average amino acid
identity (AAI) of the 37 prophage proteomes revealed six visually
distinctive clusters (Figure 5); two clusters (Cluster 2 and Cluster
3) (Supplementary Tables 3, 4) having a AAI > 90%, one cluster
having a AAI > 85% (Cluster 1) (Supplementary Table 2),
two clusters having a AAI > 80% (Cluster 4 and Cluster 6)
(Supplementary Tables 5, 7), and one cluster with a AAI only >
75% (Cluster 5) (Supplementary Table 6) Five clusters (Cluster
1, 2, 3, 4, and 6) were grouping proteomes of prophages present
in Dickeya spp. genomes, whereas Cluster 5 was grouping
prophages hosted by Pectobacterium spp. strains as evidenced by
the AAI dot plot matrix.

Presence of Unique Genes of Bacterial
Origin in the Seemingly Intact Prophage

Genomes

Of 37 screened complete prophage genomes, only one, phiDzel
did not contain any ORFs of bacterial origin. The other
36 prophages contained between 1 (phiD3, phiDdal) and
23 (phiDdil and phiDdi3) ORFs apparently acquired from
bacterial hosts (Figure 6). Most of the bacterial ORFs found
in prophages encoded proteins involved in primary bacterial
metabolism, proteins associated with DNA/RNA repair, energy
transfer, DNA/protein regulation and modification and proteins
that may be involved in niche exploitation (e.g., resistance
to metal jons, nitrogen assimilation, heat shock proteins)
(Supplementary Table 8).
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FIGURE 4 | Comparative analyses of the 37 intact prophage genomes. Boxes indicate open reading frames (ORFs) in prophage genomes predicted by RAST
annotation pipeline. Homological ORFs are marked with the same color. The analysis and visualization were performed with the use of DNA Master ver. 5.23.2.

The genes present among the large proportion of the
seemingly intact prophages were those encoding: (i) methyl-
directed repair DNA adenine methylase (in 21 prophage
genomes), (ii) methyl-transferase (in 9 prophages), and (iii)
modification methylase ScrFIA (in 6 prophages). Interestingly,
similar sets of bacterial genes were found in different groups
of prophages such as (1) phiD2, phiDda3, and phiDda4, (2)
phiDdil and phiDdi3, (3) phiDdi5 and phiDdi6, (4) phiDpal and
phiDpa2, (5) phiDze4 and phiDze5, and (6) phiPc2 and phiPccl
(Supplementary Table 2). Prophages phiD6, phiDdil, phiDdil,
and phiPal all harbored homologous genes encoding the tellurite
resistance protein TerB, while prophages phiDpal and phiDpa2
all carried the gene for the cation-efflux pump FieF that confers
resistance to cobalt, zinc and cadmium ions.

None of the prophages apparently harbored genes encoding
antibiotic resistance genes and genes coding for allergens/toxins
when analyzed by VirulenceFinder and ResFinder and by manual
inspection with BLAST, and only phiPpal contained a gene
potentially involved in biosynthesis of a putatively antagonistic
factor (monooxygenase antibiotic).

DISCUSSION

Despite the fact that the majority of bacterial genomes deposited
in international genomic sequence databases reveal that phage

DNA is commonly integrated into the host chromosome
(Canchaya et al., 2003), little is known of how commonly such
viruses infect SRP and the extent to which viruses might be
associated with virulence or host range of this important group
of bacteria (Varani et al., 2013; Czajkowski, 2016).

Initial studies of bacteriophages in this group (Erwinia
chrysanthemi 3937 phage phiEC2) were reported only in 1984
(Resibois et al., 1984), and while this phage has been widely
used since then for generalized transduction of Dickeya spp.
even it has yet to be characterized in detail and little is known
about its ecological, genomic and morphological features (for
review see: Czajkowski, 2016). While other temperate SPR
bacteriophages have been recently described (for review see:
Czajkowski, 2016), little molecular detail is known of these
viruses. This study was designed to explain to genome sequence
is available for SRP to better understand the frequency of
occurrence, diversity, and possible functions of viruses in this
group of bacteria.

In this study all available 57 (as of August 2018)
Pectobacterium spp. and Dickeya spp. complete genome
sequences present in NCBI GenBank were screened for the
presence of prophage-like elements. The in silico workflow used
here (Figure 1) allowed the identification of prophages in 95% of
SRP genomes. Although prophages are known to constitute even
as much as 10 to 20% of a bacterial genome, all of the prophages
analyzed comprised on average < 2% of the Pectobacterium spp.
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FIGURE 5 | Pairwise average amino acid identity (AAl) heatmap among 37 intact SRP prophages. The map was generated using EDGAR—a software platform for
comparative genomics (Blom et al., 2009).
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FIGURE 6 | Distribution of genes of bacterial origin in 37 seemingly intact prophages of SRP. The particular gene found in the prophage was classified as being of
bacterial origin when altogether: (i) the gene is frequently present in bacterial genome(s), (ii) is unnecessary to complete bacteriophage life cycle, (i) encodes protein
with an enzymatic activity not required by the virus to interact with its hosts.

and Dickeya spp. chromosome. It is noteworthy that the related The majority of the SRP prophages (48 sequences) were
foodborne pathogen Escherichia coli O157:H7 strain Sakai that  putatively defective and did not apparently contain those
can sometimes be found in the same habitats as SRP harbors  genes essential for bacteriophage interaction with their bacterial
much more abundant prophages (16% of its total genome  hosts such as integrases and genes coding for viral structural
content) (Hayashi et al., 2001). proteins. Similarly, some of the screened bacterial genomes
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were also missing putative attachment sites for these prophage.
The frequent occurrence of incomplete prophages in bacterial
chromosomes has been reported for various bacteria, including
human and animal pathogens as well as for saprophytic bacteria
present in soil and water (Casjens, 2003; Bobay et al., 2014). It is
widely accepted that bacterial hosts under natural conditions are
continuously exposed to phage infections and that some of these
events may result in long-term and irreversible phage-bacterial
associations on a genomic level (Touchon et al,, 2014). This is
clearly the case for Pectobacterium spp. and Dickeya spp. since
these strains have a worldwide distribution (Pérombelon, 2002).
The high number of putatively defective prophage sequences
reported here may further indicate an initial rapid inactivation
of viable prophages in bacterial genome is followed by a slow
decay of prophage genes due to the accumulations of point
mutations and deletions. This so-called phage domestication has
been reported for other Enterobacteriaceae as a way to cure
bacterial genomes from the presence of unnecessary and/or toxic
genetic material (Bobay et al., 2014).

The 37 complete prophages found in 29 genomes of
Pectobacterium spp. and Dickeya spp. were characterized in
detail. Bioinformatic analysis of the prophage genes encoding
viral structural proteins allowed classification of these prophages
into different families of the order Caudovirales (tailed
bacteriophages) with the SRP prophages of the Myoviridae family
being the most abundant (81% of found prophages). The order
Caudovirales contains more than 97% of all described phages
known to infect bacteria with at least 350 distinct phage isolates
documented as members of this order to date (Ackermann,
1998; Fokine and Rossmann, 2014). The great majority of
existing bioinformatic tools created to analyze bacteriophage
genomes have been developed based on the known Caudovirales
sequences and consequently they may not be well-suited to
analyze viral genomes belonging to different orders and/or
groups. Additionally, more than 99% of all SRP bacteriophages
described so far also belong to the order Caudovirales and
occur in three families namely Myoviridae, Podoviridae, and
Siphoviridae (Czajkowski, 2016).

The genome organization and ORF arrangements was not
well-conserved across the 37 seemingly intact prophages. The
exceptions were the 3 prophage pairs (phiDdil and phiDdi3,
phiDpal and phiiDpa2, and phiDze4 and phiDze5) that were
highly conserved with respect to each other. This indicates that
overall, SRP prophages are likely mobile, often being transferred
between different hosts and easily undergoing rearrangements.
It is well-established that prophages are often highly mosaic and
that their genomes constitute modules that can be interchanged
between different phages by recombination (Hendrix et al., 2000).
As it is believed now, such constant recombination events and
the resulting mosaicism are the major driving force both for
bacteriophage and bacterial evolution (Hendrix et al, 1999;
Pedulla et al., 2003).

No linkage was seen between the presence of particular
seemingly intact prophages and bacterial genera, bacterial
genome size, geographical location, or the environments from
which the host bacteria were initially isolated. Likewise, due
to the absence of universal genes in bacteriophages that can
be used for phylogenetic studies (similar to 16S rDNA gene in

bacteria), (pro)phage classification is difficult (Lawrence et al.,
2002). In this study, contrary to the studies performed earlier in
which the usefulness of integrase, holin, and lysin sequences for
the phylogenetic studies of prophages were evaluated (Briissow
et al., 2004; Ventura et al., 2005, 2007), none of these genes
proved useful for clear phylogenetic separation of prophages
of Pectobacterium spp. and Dickeya spp. into distinct clades.
Such a lack of phylogenetic association suggests an independent
evolution of prophages and their SRP hosts (Colavecchio et al.,
2017). This is perhaps not a surprise given that SRP are not only
naturally present in many and widely different environments
(e.g., soil, water, plant surface, on and inside insects) but are often
dispersed from one environment to another (Perombelon, 1988;
Charkowski, 2006). All these lifestyle changes would require a
rapid adaptation to a new setting, a process that might not
facilitate stable association of phage with a given habitat or host
(Ma et al., 2007; Reverchon et al., 2016).

More than 50% of complete prophage genomes contained not
only the genes encoding structural viral proteins and integrases,
but also genes coding for holin and lysin. Additionally, the 13
prophages (35% of the complete prophages) contained genes
encoding both proteins. Lysins and holins are viral enzymes
leading to disruption of the host cells and enabling propagation of
bacteriophages in the environment (Wang et al., 2000). As both
holin and lysin are viewed as facilitating host infection (Young,
2014), the presence of these genes in SRP prophages may give the
first assumption that those viruses may be more infective than
the prophages lacking one or both genes (Feiner et al., 2015).
This further indicates that in at least these 13 prophages may be
possibly easily induced, thus it they may become transmittable
upon encounter of particular environmental stimuli (Nanda
et al., 2014). However, the point must be made that without the
further experiments, the infectivity of the mentioned prophages
remains rather speculative at the moment.

Likewise, the absence of holin and/or lysin or both genes in the
phage genome does not necessarily characterize a bacteriophage
as harmless. For example, the well-characterized infectious
Dickeya spp. bacteriophage LIMEstonel (Adriaenssens et al,
2012) and ¢D5 (Czajkowski et al., 2014) both lack the gene
coding for holin, and the P. carotovorum subsp. carotovorum
phage PP1 lacks the gene coding for lysin (Lee et al., 2012).

It seems likely that induction of SRP prophages will have
an impact on environmental fitness and virulence of the hosts.
An understanding of the conditions in which lysis is induced
might make it possible to achieve some level of control of the
diseases caused by these SRP by appropriately modifying the
environment. Alternatively, it can be speculated that the newly
found holin and lysin genes, produced at an industrial scale might
be a useful tool in the biological control of such diseases as
previously suggested (Fenton et al., 2010).

The high abundance of (seemingly intact) prophages in the
SRP genomes may have as well a direct impact on control of
Pectobacterium spp. and Dickeya spp. in agricultural applications.
Prophages are known to utilize mechanism called superinfection
exclusion which prevents subsequent viral infections of the same
hosts (Bondy-Denomy and Davidson, 2014). It can be speculated
that effectiveness of biological control of SRP with the use of lytic
bacteriophages may be reduced due to the prophage-induced
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resistance in the target bacteria. The superinfection exclusion
has been analyzed in detail in several human pathogenic
bacteria including Escherichia coli, Pseudomonas aeruginosa and
Salmonella spp. (for review see: Labrie et al., 2010), its ecological
role has never been however assessed in SRP. Considering the
increasing interest in phage therapy as a means to combat plant
pathogenic bacteria, and specifically SRP, this topic undoubtedly
needs further examination.

Based on average amino acid identity (AAI), six prophage
clusters; five present in Dickeya spp. and one within
Pectobacterium spp. could be identified in this large collection
of strains. As opposed to the phylogenetic analyses based on a
single given prophage gene, AAI appears to be a more powerful
method to phylogenetically separate the prophages residing in
the genomes of Pectobacterium spp. and Dickeya spp. While
AALI has been suggested to be a better phylogenetic method for
whole genome-based taxonomy of Prokaryotes (Konstantinidis
and Tiedje, 2005), this method has received little usage in the
phylogenetic analysis of viruses. The presented results suggest
that it would prove useful in bioinformatics analyses of prophage
such as in this study.

It is well-established that prophages often encode genes that
are not directly involved in viral propagation and infection
but which can confer a fitness benefit to their hosts (Bondy-
Denomy and Davidson, 2014). These genes can enhance the
virulence of the bacteria directly by prophage-encoded toxins
and/or indirectly by increasing bacterial fitness which indirectly
results in enhanced virulence (Hacker and Carniel, 2001). All
but one of the 37 seemingly intact prophages described in
this study contained at least one gene that was apparently
acquired from other host bacteria (probably from Dickeya spp.
and Pectobacterium spp. strains or their close relatives), as a
result of infection of one or more previous hosts. Likewise,
the majority of prophages analyzed in this study contained
multiple genes of bacterial origin, with two prophages phiDdil
and phiDdi3 carrying even as many as 23 bacterial genes. It
remains unclear however whether the bacterial genes found
in these prophage genomes are transcribed or translated.
Surprisingly, several prophages present in different bacterial
genomes carried homological set of bacterial genes indicating
that possibly these prophages propagated in co-occurring host
populations of different species at the same time. None of
the 36 prophages analyzed here however acquired bacterial
genes encoding well-described virulence factors exploited by
Pectobacterium spp. and Dickeya spp. to infect plants (Reverchon
and Nasser, 2013). Instead, the prophages carried genes that may
apparently contribute to ecological fitness in complex and diverse
environments; e.g., genes encoding metal ion transporters,
enzymes involved in energy metabolism, heat shock proteins,
nitrogen assimilation proteins as well as genes coding for
DNA methylases which may be used in protecting prophage
sequences in the host genome from excision by changing DNA
methylation pattern (Canchaya et al.,, 2003). This may as well-
explain the high number of prophage sequences observed in
many bacterial genomes (Ohnishi et al., 2001; Matos et al.,
2013) and the relatively high proportion of prophage-related

genes in pathogenic strains in comparison with saprophytic, non-
pathogenic bacteria (Busby et al., 2013). The most common gene
present in seemingly intact prophage genomes was one encoding
methyl-directed repair DNA adenine methylase (EC 2.1.1.72),
being found in 21 viruses. This is a large group of enzymes that
apart from being members of restriction-modification systems of
many Gram-negative bacteria, plays important roles in regulation
of genes encoding virulence factors in bacterial pathogens at
the posttranscriptional level (Marinus and Casadesus, 2009).
Unfortunately their role, if any, in pathogenicity of SRPs
remains cryptic.

The biggest limitation of the in silico workflow used here
is obviously that the classification of prophage element to the
group of intact or defective prophages and their impact on
the host fitness is based on the genome data alone. However,
in general, the relatively high number of seemingly intact
prophages found in the study suggest that the interaction of
SRP and bacteriophages in the natural environment may be
highly significant for the ecology, adaptation, and evolution
of Pectobacterium spp. and Dickeya spp. Prophage induction
experiments are now being conducted to further elucidate the
role of prophages present in SRP strains and to better understand
the molecular basis of (pro)phage-bacteria interactions.
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