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Abstract
Pectobacterium carotovorum is the causative agent of bacterial soft rot on various plant species. The use
of phages for plant disease control have gained increased awareness over the past years. We here describe
the isolation and characterization of Pectobacterium phage Jarilo, representing a novel genus of
bacteriophages within the subfamily Autographivirinae. Jarilo possesses a double-stranded DNA
genome of 40557 bp with a G+C% content of 50.08% and 50 predicted open reading frames (ORFs).
Gene synteny and products seem to be somewhat conserved between Pectobacterium phage Jarilo and
Enterobacteria phage T7, but limited nucleotide similarity is found between Jarilo and other phages
within the subfamily Autographivirinae. We propose Pectobacterium phage Jarilo as the first member of
a new genus of bacteriophages within the subfamily Autographivirinae.
Introduction
Pectobacterium carotovorum is part of the family Pectobacteriaceae, which members include important
bacterial plant pathogens involved in a wide range of diseases[1]. Pectobacteriaceae are Gram-negative,
facultative anaerobes, that are non-spore forming and produce extracellular enzymes, involved in their
pathogenicity[2]. P. carotovorum (formerly Erwinia corotovora) is able to form soft rot disease
symptoms in various plant species. In potatoes P. carotovorum is the causative agent of black leg and
tuber rot during storage, affecting postharvest loss[3,4]. Control mechanism of bacterial soft rot is limited
and is primarily based on sanitary conditions and good agricultural practice[5]. Due to limited control
mechanism, increased attention have been directed towards biological control agents[6]. Phages have
been proposed as promising biocontrol agents towards Pectobacteriaceae in several studies[7–12]. In
this report, we describe the isolation and characterization of Pectobacterium phage Jarilo, representing a
new genus of bacteriophages within the subfamily Autographivirinae.
Materials and methods
Jarilo was isolated from an organic waste sample as described previously[12], using Pectobacterium
carotovorum DSM 30170 as host. Prior to isolation virus particles in the organic waste sample was
concentrated by polyethylene glycol precipitation, as described elsewhere[13]. Phage DNA was isolated
and sequencing libraries prepared using direct plaque sequencing protocol[14], with the modifications
described previously[15]. Reads from sequencing were trimmed and de novo assembled using CLC
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Genomic Workbench (10.1.1). Open reading frame prediction were automatically executed using DNA
Master (version 5.0.2), with GeneMark[16] and Glimmer[17] as gene caller, and were corrected
manually. Putative gene functions were manually curated using BLASTp[18] and HHpred[19] with the
databases Pfam (version 32.0), SCOP70 (version 1.7.5) and pdb70. tRNA sequences were searched for
using tRNAscan-SE[20].
Results
Pectobacterium phage Jarilo represents a new genus within the subfamily Autographivirinae, with
limited DNA sequence similarity (<50%) with other phages within the same subfamily (Fig. 1)[21].
Pectobacterium phage Jarilo has a double-stranded DNA genome of 40557 bp with a G+C% content of
50.08%. In the genome there is 50 predicted open reading frames (ORFs), whereas the majority (30/50)
could be assigned with a putative function due to homology with other known phages within the
subfamily Autographivirinae. No tRNAs were detected.
Based on bioinformatics predictions, ORFs were categorized into five putative gene functions;
hypothetical protein (grey), DNA replication and metabolism (red), lysis proteins (yellow),
others/unknown (green) and morphogenesis (blue) (Fig. 2). The gene synteny of the genome of Jarilo is
conserved among phages within the subfamily Autographivirinae, as well as many of the structural genes
(Fig. 2). An insertion of a putative endonuclease VII appear to have happened within the putative DNA
polymerase, in the genome of Jarilo. This insertion separates the DNA polymerase into two ORFs, both
ORFs share high sequence similarity with the DNA polymerase of related phages (Fig. 2). Yersinia phage
YpP-G, also part of the Autographivirinae subfamily, encodes a endonuclease VII, which gives the
highest score against the putative endonuclease VII encoded by Jarilo, using blastp (Suppl. fig. 1)[18,22].
YpP-G display a similar gene arrangement with an endonuclease VII within the gene encoding the DNA
polymerase (Suppl. fig. 1). Furthermore is the same phenomenon described in another phage within the
subfamily Autographivirinae, Pf-WMP3[23]. A endonuclease VII insertion into the DNA polymerase
have been proven as part of a self-splicing intron[24], but have not been demonstrated as part of a
selfsplicing intron within the Autographivirinae subfamily. The gene encoding the major capsid protein
as well as the gene following, categorized as a hypothetical gene, in Jarilo, resembles the capsid gene in
T7 with some similarity. The capsid gene in T7 has two products, a major (10A) and a minor (10B),
produced by frameshifting into the -1 frame near the end of 10A[25]. The gene encoding head to tail
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joining protein appear to be divided in two (Fig. 2), which could also be a result of frameshifting, as in
the capsid protein of T7, or due to a nonsense mutation. Genes categorized as morphogenesis, in Jarilo,
are conserved among phages within the subfamily Autographivirinae, however is the tail-fiber protein
conserved to a lesser extent, which could represent different receptor preferences (Fig. 2). Interestingly,
Jarilo, T7 and AP10 shares a conserved region at the terminal of the genome, not representing an ORF
(Fig. 2). Like other phages within the subfamily Autographivirinae, Jarilo encodes a RNA
polymerase[26] and do not encode any detectable integrase.
Based on the findings we propose Pectobacterium phage Jarilo as the first representation of a new genus
of bacteriophages belonging to the subfamily Autographivirinae, family Podoviridae, order
Caudovirales.
Nucleotide sequence accession number
The GenBank accession number for Pectobacterium phage Jarilo is MH059637.1.

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.16.909176; this version posted January 17, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Pedersen et al., 5

References
1.

Li X, Ma Y, Liang S, Tian Y, Yin S, Xie S, et al. Comparative genomics of 84 Pectobacterium
genomes reveals the variations related to a pathogenic lifestyle. BMC Genomics. 2018;19: 889.
doi:10.1186/s12864-018-5269-6

2.

Pérombelon MCM. Potato diseases caused by soft rot erwinias: an overview of pathogenesis.
Plant Pathol. 2002;51: 1–12. doi:10.1046/j.0032-0862.2001.Shorttitle.doc.x

3.

de Haan EG, Dekker-Nooren TCEM, van den Bovenkamp GW, Speksnijder AGCL, van der
Zouwen PS, van der Wolf JM. Pectobacterium carotovorum subsp. carotovorum can cause
potato blackleg in temperate climates. Eur J Plant Pathol. 2008;122: 561. doi:10.1007/s10658008-9325-y

4.

Kang HW, Kwon SW, Go SJ. PCR-based specific and sensitive detection of Pectobacterium
carotovorum ssp. carotovorum by primers generated from a URP-PCR fingerprinting-derived
polymorphic band. Plant Pathol. 2003;52: 127–133. doi:10.1046/j.1365-3059.2003.00822.x

5.

Rahman MM, Ali ME, Khan AA, Akanda AM, Uddin MK, Hashim U, et al. Isolation,
characterization, and identification of biological control agent for potato soft rot in Bangladesh.
ScientificWorldJournal. 2012;2012: 723293. doi:10.1100/2012/723293

6.

Byrne JM, Dianese AC, Ji P, Campbell HL, Cuppels DA, Louws FJ, et al. Biological control of
bacterial spot of tomato under field conditions at several locations in North America. Biol
Control. 2005;32: 408–418. doi:https://doi.org/10.1016/j.biocontrol.2004.12.001

7.

Lim J-A, Shin H, Lee DH, Han S-W, Lee J-H, Ryu S, et al. Complete genome sequence of the
Pectobacterium carotovorum subsp. carotovorum virulent bacteriophage PM1. Arch Virol.
2014;159: 2185–2187. doi:10.1007/s00705-014-2005-7

8.

Lee DH, Lee J-H, Shin H, Ji S, Roh E, Jung K, et al. Complete genome sequence of
Pectobacterium carotovorum subsp. carotovorum bacteriophage My1. J Virol. 2012;86: 11410–
11411. doi:10.1128/JVI.01987-12

9.

Lim J-A, Jee S, Lee DH, Roh E, Jung K, Oh C, et al. Biocontrol of Pectobacterium carotovorum
subsp. carotovorum using bacteriophage PP1. J Microbiol Biotechnol. 2013;23: 1147–1153.

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.16.909176; this version posted January 17, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Pedersen et al., 6

doi:10.4014/jmb.1304.04001
10.

Lim J-A, Lee DH, Heu S. Isolation and Genomic Characterization of the T4-Like Bacteriophage
PM2 Infecting Pectobacterium carotovorum subsp. carotovorum. plant Pathol J. 2015;31: 83–89.
doi:10.5423/PPJ.NT.09.2014.0099

11.

Lim J-A, Heu S, Park J, Roh E. Genomic characterization of bacteriophage vB_PcaP_PP2
infecting Pectobacterium carotovorum subsp. carotovorum, a new member of a proposed genus
in the subfamily Autographivirinae. Arch Virol. 2017;162: 2441–2444. doi:10.1007/s00705017-3349-6

12.

Carstens AB, Djurhuus AM, Kot W, Hansen LH. A novel six-phage cocktail reduces
Pectobacterium atrosepticum soft rot infection in potato tubers under simulated storage
conditions. FEMS Microbiol Lett. 2019;366. doi:10.1093/femsle/fnz101

13.

Sambrook J, Fritsch EF, Maniatis T. Molecular cloning: A laboratory manual. 2nd ed. Analytical
Biochemistry. Cold Spring Harbor, USA: Cold Spring Harbor Laboratory Press; 1990.

14.

Kot W, Vogensen FK, Sørensen SJ, Hansen LH. DPS - A rapid method for genome sequencing
of DNA-containing bacteriophages directly from a single plaque. J Virol Methods. 2014;196:
152–156. doi:10.1016/j.jviromet.2013.10.040

15.

Carstens AB, Kot W, Lametsch R, Neve H, Hansen LH. Characterisation of a novel
enterobacteria phage, CAjan, isolated from rat faeces. Arch Virol. 2016;161: 2219–2226.
doi:10.1007/s00705-016-2901-0

16.

Besemer J, Lomsadze A, Borodovsky M. GeneMarkS: a self-training method for prediction of
gene starts in microbial genomes. Implications for finding sequence motifs in regulatory
regions. Nucleic Acids Res. 2001;29: 2607–2618. doi:10.1093/nar/29.12.2607

17.

Delcher AL, Bratke KA, Powers EC, Salzberg SL. Identifying bacterial genes and endosymbiont
DNA with Glimmer. Bioinformatics. 2007;23: 673–679. doi:10.1093/bioinformatics/btm009

18.

Altschul SF, Gish W, Miller W, Myers EW, Lipman DJ. Basic local alignment search tool. J
Mol Biol. 1990;215: 403–410. doi:10.1016/S0022-2836(05)80360-2

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.16.909176; this version posted January 17, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Pedersen et al., 7

19.

Hildebrand A, Remmert M, Biegert A, Soding J. Fast and accurate automatic structure
prediction with HHpred. Proteins. 2009;77 Suppl 9: 128–132. doi:10.1002/prot.22499

20.

Lowe TM, Chan PP. tRNAscan-SE On-line: integrating search and context for analysis of
transfer RNA genes. Nucleic Acids Res. 2016;44: W54-7. doi:10.1093/nar/gkw413

21.

Adriaenssens E, Brister JR. How to Name and Classify Your Phage: An Informal Guide.
Viruses. 2017;9. doi:10.3390/v9040070

22.

Rashid MH, Revazishvili T, Dean T, Butani A, Verratti K, Bishop-Lilly KA, et al. A Yersinia
pestis-specific, lytic phage preparation significantly reduces viable Y. pestis on various hard
surfaces experimentally contaminated with the bacterium. Bacteriophage. 2012;2: 168–177.
doi:10.4161/bact.22240

23.

Liu X, Kong S, Shi M, Fu L, Gao Y, An C. Genomic analysis of freshwater cyanophage PfWMP3 Infecting cyanobacterium Phormidium foveolarum: the conserved elements for a phage.
Microb Ecol. 2008;56: 671–680. doi:10.1007/s00248-008-9386-7

24.

Ceyssens P-J, Hertveldt K, Ackermann H-W, Noben J-P, Demeke M, Volckaert G, et al. The
intron-containing genome of the lytic Pseudomonas phage LUZ24 resembles the temperate
phage PaP3. Virology. 2008;377: 233–238. doi:10.1016/j.virol.2008.04.038

25.

Condron BG, Atkins JF, Gesteland RF. Frameshifting in gene 10 of bacteriophage T7. J
Bacteriol. 1991;173: 6998–7003. doi:10.1128/jb.173.21.6998-7003.1991

26.

Eriksson H, Maciejewska B, Latka A, Majkowska-Skrobek G, Hellstrand M, Melefors O, et al.
A suggested new bacteriophage genus, “Kp34likevirus”, within the Autographivirinae subfamily
of Podoviridae. Viruses. 2015;7: 1804–1822. doi:10.3390/v7041804

27.

Agren J, Sundstrom A, Hafstrom T, Segerman B. Gegenees: fragmented alignment of multiple
genomes for determining phylogenomic distances and genetic signatures unique for specified
target groups. PLoS One. 2012;7: e39107. doi:10.1371/journal.pone.0039107

28.

Sullivan MJ, Petty NK, Beatson SA. Easyfig: a genome comparison visualizer. Bioinformatics.
2011;27: 1009–1010. doi:10.1093/bioinformatics/btr039

bioRxiv preprint doi: https://doi.org/10.1101/2020.01.16.909176; this version posted January 17, 2020. The copyright holder for this preprint
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is made
available under aCC-BY-NC-ND 4.0 International license.

Pedersen et al., 8

Figures

Figure 1. Pectobacterium phage Jarilo possesses limited DNA sequence similarity with other
known Autographivirinae phages
All vs. all nucleotide comparison between six genomes of bacteriophages within the subfamily
Autographivirinae, using the Gegenees software (fragment size: 500 bp, step size: 500 bp)[27]. Phages
showing highest scores, using blastn[18], against the genome of Jarilo were chosen together with phage
T7 as a reference genome. Colors indicate similarity between phages, from similar (green) to less
similar (red). Similarity scores are based on blastn. Following phage genomes were used (with genbank
accession numbers); Yersinia phage AP10 (KT852574.1), Klebsiella phage KOX3 (MN101216.1),
Enterobacter phage E-3 (KP791806.1), Citrobacter phage SH2 (KU687348.1), Enterobacteria phage T7
(V01146.1).
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Figure 2. Comparative genomics reveals conserved gene synteny among phages within the
subfamily Autographivirinae, as wells as a high degree of sequence homology among structural
proteins
Comparative genomics of six genomes of bacteriophages within the subfamily Autographivirinae using
blastn in the Easyfig software (version 2.2.3)[28]. Phages showing highest scores, using blastn[18],
against the genome of Jarilo were chosen together with phage T7 as a reference genome. Putative gene
functions of the genome of Jarilo were divided into five categories; hypothetical proteins (grey), DNA
replication and metabolism (red), lysis proteins (yellow), others/unknown (green) and morphogenesis
(blue). Following phage genomes were used (with Genbank accession numbers); Yersinia phage AP10
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(KT852574.1), Klebsiella phage KOX3 (MN101216.1), Enterobacter phage E-3 (KP791806.1),
Citrobacter phage SH2 (KU687348.1), Enterobacteria phage T7 (V01146.1).

