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Abstract: Modern agriculture is expected to face an increasing global demand for food while also
needing to comply with higher sustainability standards. Therefore, control of crop pathogens requires
new, green alternatives to current methods. Potatoes are susceptible to several bacterial diseases,
with infections by soft rot Enterobacteriaceae (SRE) being a significant contributor to the major annual
losses. As there are currently no efficient ways of combating SRE, we sought to develop an approach
that could easily be incorporated into the potato production pipeline. To this end, 46 phages infecting
the emerging potato pathogen Dickeya solani were isolated and thoroughly characterized. The 46
isolated phages were grouped into three different groups based on DNA similarity, representing
two distinct clusters and a singleton. One cluster showed similarity to phages previously used to
successfully treat soft rot in potatoes, whereas the remaining phages were novel and showed only
very limited similarity to previously isolated phages. We selected six diverse phages in order to create
the hereto most complex phage cocktail against SRE. The cocktail was applied in a proof-of-principle
experiment to treat soft rot in potatoes under simulated storage conditions. We show that the phage
cocktail was able to significantly reduce the incidence of soft rot as well as disease severity after
5 days of storage post-infection with Dickeya solani. This confirms results from previous studies that
phages represent promising biocontrol agents against SRE infection in potato.

Keywords: soft rot Enterobacteriaceae; SRE; Dickeya solani; potato; biocontrol; phage therapy; phage
biocontrol; phage cocktail; soft rot; blackleg

1. Introduction

Soft rot Enterobacteriaceae (SRE) are plant pathogenic, gram-negative bacteria of the Pectobacterium
and Dickeya genera (formerly Erwinia carotovorum and Erwinia chrysanthemi, respectively). Collectively,
bacteria classified as SRE cause soft rot in up to 50% of angiosperm plant orders, including many
economically important fruit, vegetable and ornamental crops [1]. Bacterial soft rot is considered one
of the most destructive bacterial diseases in agriculture, with an estimated 15-30% of crop production
being affected [2]. In potatoes, SRE are the causative agents of blackleg and soft rot diseases, affecting
crop production in both the field during the growing season [3,4] and post-harvest during storage of
potato tubers, where SRE have been characterized as the most problematic pathogens [5].

Historically, Pectobacterium sp. have been the most problematic for potato harvests in temperate
regions [6]. However, recently a novel SRE pathogen of potato, Dickeya solani (D. solani), has been
identified. Since its discovery D. solani has been causing increasingly larger problems for crop
production in large parts of Europe [6]. Interestingly, the strains of D. solani isolated from potatoes
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have so far been shown to be genetically closely related, even when isolated from geographically
distant locations, indicating very limited diversity within the group [7,8]. This presents a promising
opportunity for the use of phage biocontrol, where the narrow host range of phages is generally
viewed as one of the drawbacks in a therapeutic context. Furthermore, phage biocontrol has
previously been used to control SRE in potatoes with some success, both in whole tubers [9-11]
(manuscript submitted to FEMS Microbiology Letters thematic Issue on Microbial Food and Feed
Ingredients), potato plants [12] and in field trials [10]. Some of these have been performed on
Pectobacterium species [9,11] (manuscript submitted to FEMS Microbiology Letters thematic Issue
on Microbial Food and Feed Ingredients), while others have focused on the emerging pathogen
D. solani. All studies performed on D. solani used simple phage cocktails containing only one or two
phages [9,10,12]. All phages used in these experiments are related to the first sequenced dickeya phage
vB_DsoM_LIMEstonel [9,10,12], similar to the cluster B phages described here. Even though the
authors did see a positive effect of phage treatment in these experiments, the effect was not significant
at a lower phage concentration and could not be replicated in field trials [10]. We sought to increase
the diversity of phages that are included in a phage cocktail in order to decrease the chance that the
pathogen manages to evade phage infection and thereby increase the effectiveness of phage treatment.
We therefore isolated 46 new D. solani phages. The isolated phages exhibit a large degree of genetic
variation, forming three distinct groups, two of which have no close relatives in the publicly available
databases. Furthermore, we show that a cocktail containing six of the isolated phages is able to reduce
the incidence of soft rot caused by D. solani in whole potato tubers under simulated storage conditions.

When using phages in a biocontrol context, it is important to consider the biotic and abiotic
factors known to affect phage stability [13,14]. Applying phages post-harvest could alleviate some
of these effects, such as exposure to UV radiation and desiccation, while still reducing spoilage by
limiting the spread of disease from latently infected potato tubers within the confined space of a storage
unit. We therefore tested the phage cocktails’ tolerance towards relevant stresses such as freezing and
UV radiation.

2. Materials and Methods

2.1. Phage Isolation

All incubations were performed at room temperature in lysogeny broth (LB) supplemented with
CaCl, and MgCl, to a final concentration of 10mM. For LB plates, 15 g/L agar was added, and for top
agarose, 6 g/L of agarose was added. The phages were isolated from waste water and organic waste
(Table S1) using D. solani (DSM 28711) as a host. Phages were isolated both using direct plating and
through enrichment cultures. Single plaques were purified three times to obtain a pure phage culture.
To obtain high phage titers, phage high titer cultures were purified by PEG purification, as described
elsewhere [15].

2.2. DNA Isolation and Sequencing

Phage DNA was isolated from a high titer phage suspension. Briefly, 200 uL phage lysate was
added to sterile 1.5 mL Eppendorf tubes. 5U of DNase I was added, followed by incubation at 37 °C
for 1 h. Subsequently, 1% SDS was added to a final concentration of 0.1%. Following this, 6U (10 uL)
Proteinase K was added to the solution, followed by incubation at 55 °C for 1 h followed by an
additional incubation step at 70 °C for 10 min to deactivate the proteinase. The DNA was then purified
and concentrated using a DNA Clean & Concentrator™-5 kit (Zymo Research, Irvine, CA USA)
according to manufacturer’s protocol and eluted with 20 pL elution buffer. Sequencing libraries
were build and sequenced, as previously described [16].
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2.3. Assembly

Assembly was performed in CLC Genomic Workbench 10.1.1 (CLC bio, Aarhus, Denmark).
Briefly, overlapping reads were merged using the merge overlapping pairs tool with the following
settings: gap cost, 3; mismatch cost, 2; maximum unaligned end mismatches, 0; minimum score, 8.
The reads were then trimmed using standard settings and an added trim adaptor list with potentially
contaminating sequencing adapters and indexing barcodes from the Nextera™ kits and assembled de
novo using a de novo assembly tool. The assembly was cross-verified by SPAdes Genome Assembler
version 3.10.0 [17]. Sequences from phage DNA were screened for contaminating sequencing adapters
and indexing barcodes, as described earlier [16]. Cleaned Illumina reads were assembled using SPAdes
with the “careful” option enabled.

2.4. Annotation

Open reading frames were identified in DNA Master version 5.23.2 [18] using GeneMark4.3 [19]
and Glimmer version 3.02 [20] with favoring Genemark in conflicting genes. Open reading
frames were hereafter manually curated. Functions were assigned using BlastP against all
non-redundant protein sequences [21] and with HHpred using the databases: PDB, SCOP, Pfam,
NCBI_CONSERVED_Domains. tRNAs were identified using tRNAscan-SE [22] and ARAGORN [23].
The start position of terminally redundant phages was moved to mimic that of the related phages.
The genomes were uploaded to GenBank with accession numbers MH059639 (Ninurta), MH059632
(Dagda), MH807810 (Dagda_B1), MH807813 (Katbat), MH807815 (Luksen), MH807817 (Mysterion),
MH807812 (Kamild) MH807820 (Coodle).

2.5. Comparative Genomics

Comparison of nucleotide sequences between isolated phages was performed using BLASTn [21].
All vs. all nucleotide comparisons were made using Gegenees version 2.2.1 [24], which was preformed
using the BLASTn algorithm, with a Fragment size of 50, a step size of 25, and a threshold of
0%. Genomic maps were created using Phamerator version 236 [25], employing a custom database
containing the phages Mysterion, Dagda, Dagda_B1, Katbat, Luksen, Ninurta and enterobacteria phage
T7 (NC_001604). Multiple Sequence Alignment of conserved proteins was performed in MEGA X [26]
using MUSCLE. Phylograms based on conserved proteins were made using MEGA X [26], using the
Maximum likelihood method with the Nearest neighbor interchange heuristic method, and using the
Jones Taylor Thornton substitution model. The robustness of the resulting trees was evaluated by
500 bootstrap replicates. Phylogeny analysis was conducted with VICTOR using nucleotide input [27].

2.6. Phage Stability

The six phages included in the cocktail (Dagda, Mysterion, Luksen, Coodle, Kamild, Ninurta)
were treated in parallel. PEG purified phage solutions were diluted to an appropriate titer, ~10
PFU/mL, and exposed to different treatments. Freezing: 20 uL of the phage stocks was diluted in
180 puL SM buffer. The samples were exposed to three freeze thaw cycles of 2 h at —18 °C followed
by thawing and repeated freezing. Chloroform: 20 pL of the phage stocks was mixed with SM
buffer and chloroform to a final concentration of 20% chloroform and incubated for at least 2 h at
room temperature. Ethanol: 20 pL phage stock was added to 140 pL SM buffer and mixed with 40
uL ethanol to a final concentration of ~19.6% ethanol and incubated for 2 h at room temperature.
UV radiation: 500 pL of the phage stock was pipetted onto the lid of a sterile Petri dish and exposed to
UV (OSRAM PURITEC UV-C Germicidal Low Pressure Lamp, HNS 15W G13 G15T8/OF, at a distance
of approximately 50 cm from the plates, approximately 200 tW /cm?) for 45 seconds before collecting
the UV treated sample with a pipette. All the treatments were then added to micro titer plates and
diluted in a 10-fold serial dilution in SM buffer and 5 puL of the dilutions 10°~10~7 were spotted onto
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LB plates, which had been prepared using 9 mL of soft LB and 250 uL of overnight culture with the
appropriate host. Each assay was performed in parallel using three technical triplicates.

2.7. Potato Infection Model

The in planta phage treatment was based on a tuber maceration assay previously described by
Dees et al. [28]. Prior to the assay, D. solani was streaked onto LB agar plates and incubated for 48 h at
room temperature. Bacteria from these plates were then scraped from the plates and suspended in
sterile distilled water and adjusted to OD Agpg = 1.0 &= 0.2 (approximately 1 x 10° CFU/mL). Ware
potato tubers of the cultivar Ditta were surface-disinfected using 1% sodium hypochlorite for 15 min
followed by rinsing in sterile water and subsequently air-dried at room temperature overnight in
a flow hood. Each group of potatoes (N = 45) was then wounded using a sterile steel rod (diameter:
2 mm, depth: 10 mm) and subsequently washed in either a phage solution, containing approximately
5 x 108 PFU/mL of each of the six selected phages (Dagda, Mysterion, Luksen, Coodle, Kamild,
Ninurta) in 200 mL of SM bulffer, or sterile water. The potatoes were then inoculated with 10 puL of
bacterial suspension and sealed with white Vaseline and parafilm. The tubers were kept in plastic
boxes with lids out of direct sunlight for 5 days at room temperature. After incubation, the potatoes
were cut through the inoculation point. The macerated tissue was removed using a spatula and the
amount of lost tissue was quantified by measuring the weight of the potatoes before and after removal
of the macerated tissue.

3. Results and Discussion

3.1. Phage Characterization

A total of 46 phages infecting D. solani were isolated from a variety of sources (Table S1). Based
on DNA homology, the phages can be clustered into three different groups with less than 0.2% DNA
sequence similarity between groups and more than 48% DNA sequence similarity inside each group
(Figure S1). The groups will hereafter be referred to as Cluster A and B as well as the singleton
and Ninurta.

Cluster A contains five phages, which have a genome size between 40,745 bp (Katbat) and
41,133 bp (Luksen), and have a GC content of 48.0-48.2%. This is lower than the 56.3% found in
the host, which is common amongst phages [29]. No close relatives of the Cluster A phages exist
in the publicly available databases as determined by BLASTn, but the closest relative is the T7-like
escherichia phage P694(KP090454) [30] which shares less than 1% sequence similarity with any Cluster
A phages (Figure 1). Cluster A phages are quite diverse, with the individual phages sharing only
between 48.5% and 71.9% sequence similarity. The exceptions are Dagda and Dagda_B1, which only
differ by four base pair substitutions (Figure 1, Figure S1). Despite very low nucleotide similarity,
the Cluster A phages share many genes, as well as an overall genome synteny, similar to that found
in the T7-like phages (Figure 2). This includes: head-to-tail connector protein, capsid assembly
protein, major capsid protein, tail tubular protein A, tail tubular protein B, internal virion protein A,
internal virion protein B, internal virion protein C, internal virion protein D, tail fiber protein, small
subunit terminase, large subunit terminase and a type I holin. The phages also contain a gene pair with
homology to Rz lysis protein and Rz1 lysis protein that have a large overlap in their reading frames [31]
(Figure 2). Furthermore, the phages also contain a single subunit RNA polymerase, a hallmark of
the Autographivirinae subfamily [32]. Besides this core “T7-like genome”, the phages contain a high
number of genes with unknown function. Approximately half (42-49%) of the genes in the Cluster A
genomes could not be assigned a function. No tRNAs were identified in any of the Cluster A phages.
Analysis of the conserved proteins indicate that Cluster A phages internally are quite similar but are
distinct from their closest relatives (Figure S2). Taken together with whole genome comparison of the
cluster A phages and their closest relatives (Figures S3 and S4), as well as the conserved structure of
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the cluster A phages (Figure 2), this indicates that the Cluster A phages might represent a new novel
genus in the Autographivirinae subfamily.

Organism 1 2 3 4 5 6
1: Dagda | 70.37 48.65 49.38
2: Dagda Bl .0 70.31 48.65 49.37
3: Katbat

4: Mysterion
5: Luksen
6: P694

48.49 48.49 499 5145

Figure 1. All vs. all nucleotide similarity analysis on all the Cluster A phages with escherichia phage
P694 (KP090454) included as a reference, made using Gegenees [24].

I m—— i e Tl P

Figure 2. Phamerator map [25]: Pairwise alignment of Mysterion, Dagda, Dagda_B1 Katbat, Luksen
and Ninurta with the genome of Enterobacteria phage T7 (NC_001604) included as a reference.
Each genome is represented by a vertical line with intersecting colored lines representing nucleotide
similarity, red being more dissimilar and violet being more similar. Colored boxes represent genes.

Cluster B is the largest cluster, comprising 40 phages. The genome sizes of Cluster B phages are
rather large (~150kb) and have a GC% content ranging from 49.0% to 49.4%. A query in publicly
available databases revealed several phages that are closely related to Cluster B phages, including
dickeya phage vB_DsoM_LIMEstonel(HE600015). LIMEstonel has already shown promise in the
control of D. solani in potatoes in vivo [10]. The Cluster B phages share a genome structure vaguely
similar to that of the T4-like phages, and they all contain a single tRNA with the anticodon 5-CAT.
Cluster B phages also contain an unusually large number of homing endonucleases, with 18 in phage
Kamild, corresponding to 10.8% of all nucleotides in the entire genome encode endonucleases. This
is similar to the 15 homing endonucleases found in T4, although this is not a general characteristic
of the T4-like phages [33]. These homing endonucleases could be seen as genetic parasites, simply
ensuring their own replication at the cost of the phage. However, how these affect phage lifestyle
is unclear. It has been shown that the homing endonucleases increase the horizontal gene transfer
of surrounding genes when two related phages are co-infecting the same host [34,35]. Although
some homing endonucleases in Cluster B pages appear to be conserved, others contain deletions or
frameshift mutations. Still others are only found in some members of the cluster, indicating that they
have either recently been acquired or have been lost in other phages. Cluster B phages appear to
be fairly widespread in the environments tested, constituting 40 out of the 46 phages isolated. Even
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though Cluster B contains a considerably higher number of phages, the Cluster B phages are much
less diverse than the Cluster A phages, having pairwise nucleotide similarities above 69% within
the cluster. Many of the Cluster B phages are closely related, sharing above 90% sequence similarity
(Figure S1). However, two distinct sub clusters exist within Cluster B (blue squares in Figure S1) with
lower similarity between sub clusters. We therefore chose to focus on one phage in each sub cluster
(Kamild and Coodle). Based on the high degree of sequence similarity between cluster B phages and
Limestonel (BLASTn), as well as their conserved genome structure (Figure S5), we suggest including
the cluster B phages in the Limestonevirus genera.

Ninurta has a genome size of 40286 bp and has only one close relative in the publicly available
databases; the recently sequenced dickeya phage vB_DsoP_JA10 (MH460459.1). Besides JA10, Ninurta
share some sequence similarities with a number of T7-like phages, with the highest similarity being to
pectobacterium phage PP74 (KY084243.1) with a query coverage of 60% and 73% nucleotide identity
(BLASTn). Despite sharing less than 0.2% nucleotide sequence similarity to any of the Cluster A phages,
Ninurta has a T7-like genome structure, similar to the Cluster A phages (Figure 2). This structure
includes genes encoding: head-to-tail connector protein, capsid assembly protein, major capsid protein,
tail tubular protein A and B, internal virion protein A-D, tail fiber protein, type II holin, small subunit
terminase, large subunit terminase, Rz/Rz1 lysis proteins as well as a single subunit RNA polymerase.
Ninurta has a GC content of 51.0%. This is higher than that of any of the other phages isolated but still
more than 5% lower than that of the host. Analysis of the conserved proteins (Figure 52), as well as
a nucleotide comparison between its closest relatives (Figures S3 and 54), reveal that Ninurta and JA10
constitute a cluster of phages distinct from its closest relatives. Indicating that Ninurta and JA10 might
represent a novel genus in the Autographivirinae subfamily.

3.2. Formation of Phage Cocktail

We subsequently selected a subset of phages to be included in a phage cocktail for the later
treatment of SRE-infected potatoes to test the efficacy of the phages for biocontrol of soft rot under
in vivo conditions. Of the 46 sequenced phages, six phages (Dagda, Mysterion, Luksen, Coodle,
Kamild, Ninurta) were chosen. Diverse phages were chosen to minimize the risk that a host develops
resistance towards all phages in the cocktail, therefore, phages from each cluster were included.
Preference was also given to phages that produced higher titers in liquid cultures, in order to ease
phage production.

All six phages gave rise to clear plaques under the conditions tested, indicating that the phages
are virulent. This is supported by the genetic data, as none of the six phages contain the genes typically
associated with temperate phages, such as integrases, and because they have genome organizations
similar to that of other strictly virulent phages. It has previously been suggested that the use of
temperate phages in phage therapy should be limited in order to lower the risk of horizontal gene
transfer [36,37].

The genomes of the six phages were all manually inspected for the presence of genes with
similarity to known toxin or virulence genes, and none were identified. However, since fewer than
half of the genes in the six phages could be ascribed a function, it is possible that unknown virulence
or toxin genes remain undetected.

3.3. Phage Stability

To test phage stability under conditions relevant for the production, preservation and application
of the phages, we conducted assays with chloroform, ethanol, UV exposure and freeze and thaw cycles.
All phages were resistant to chloroform (Figure 3). However, whilst chloroform represents a useful
tool to ensure the removal of host cells from the phage cultures in a laboratory setting, its toxicity
makes it unsafe for application in food products. Nonetheless, all phages tested showed less than
a 1log reduction in titer after treatment with 20% ethanol, with the exception of Dagda, which had
a 1.6 £ 0.25 log reduction in titer (Figure 3). This opens up the use of ethanol as a cheap and safe
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alternative to ensure the removal of host cells, while also possibly preserving the phage particles prior
to application. If ethanol is applied directly to the phage stock during production, the concentration of
ethanol should not negatively affect potato tubers, as the ethanol would evaporate during the drying
process. This needs to be further tested in vivo.
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Figure 3. Stability assay: Effect of 20% ethanol (red), UV radiation (orange), three freeze/thaw cycles
(grey) and chloroform (blue) in vitro on the stability of six phages used in the phage cocktail. Values
indicate the titer post exposure relative to the control. Error bars indicate + SD. Asterisks indicate titers
below the detection limit.

As expected, all six phages were shown to be sensitive to UV radiation (Figure 3), although
the degree of sensitivity varied greatly. Where the three Cluster A phages and Ninurta all showed
a more than 3 log reduction, the two Cluster B phages tested, Coodle and Kamild, showed only
a2.2 £ 0.05and 1.69 + 0.42 log reduction, respectively. This indicates that the two phages have at least
a partial tolerance to UV radiation. Interestingly, the two phages that show tolerance to UV radiation
are very sensitive to freeze-thaw cycles, with Coodle experiencing a >5 log reduction in titer and
Kamild dropping below the detection limit (>6 log reduction in titer). This is in contrast to the only
0.72 £ 0.19 to 1.55 £ 0.6 log reduction observed for the other phages. The phages sensitivity to UV
makes treatment of the above parts of plants undesirable, we therefore focused on treatment of potato
tubers. The differential response to stress and storage conditions emphasizes the usefulness of complex
multi-phage cocktails to increase both robustness and modes of action under different conditions.

3.4. Potato Infection Model

Phage treatment was shown to significantly lower both disease incidence, as indicated by >0.5 g
macerated tissue 5 days post-infection (Figure 4a), and disease severity (P < 0.00001, Mann-Whitney
U Test) (Figure 4b). The negative control and the treatment control had an identical disease incidence
of 11.1% (5 tubers). The presence of diseased potatoes in the controls, where no bacteria were added, is
most likely caused by native bacteria or fungi infecting the wet and wounded potatoes, as we used
non-sterile ware potato tubers. However, cross contamination from the other samples cannot be ruled
out. The average amount of diseased tissue was slightly higher in the treatment control compared
to the negative control (0.55 g and 0.32 g, respectively). However, since the data is not normally
distributed and the absolute amount of diseased tissue is very low in most tubers (median of the
treatment control is (0.04 g), individual tubers can have a disproportionate impact on the average.
In fact, a Mann-Whitney U Test reveals that disease severity was significantly lower in the treatment
control compared to the negative control (P < 0.05). Indicating that phage treatment has a positive
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effect on potato tubers, even when no bacteria are present, possibly by removing native soft rot bacteria.
However, it should be noted that although the results are significant at a 5% confidence interval, it is
not significant at a 1% confidence interval. In this experiment, a high concentration (approximately
1 x 10° CFU/mL) of D. solani was added to an open wound; these conditions greatly favor bacterial
reproduction and disease development, and are not unlike conditions naturally occurring during
potato production, where potatoes can be wounded at several stages, especially during harvest or
planting. Our results indicate that the phage cocktail used effectively reduces soft rot in wounded
potatoes under storage conditions, which could potentially also reduce the incidence of soft rot and
blackleg by treating seed tubers at planting. It is unknown how well the phage cocktail removes
D. solani from latently infected potatoes, where the concentration of bacteria, as well as their growth
rate, is expected to be considerably lower. It is, however, well known that phage efficiency is connected
to host abundance. As such, lower concentrations of host bacteria actually might prove harder to treat
using phage biocontrol, as the bacterial population might be too small to support phage replication.

We chose to run our experiment for 5 days, which is longer than the 3 days used in other soft rot
phage therapy trials on potatoes [10,11]. Nevertheless, it is possible that further increasing incubation
time would result in more infected tubers, either by the cells becoming resistant to the phages used or
by other means of evading phage infection.

As previously described, D. solani has recently emerged as a pathogen of potatoes with very low
genetic diversity [7,8]. Because of the low diversity of this newly emerged pathogen, we hypothesize
that phages that infect the strain of D. solani used in this experiment (DSM 28711) will also be able to
infect all or most other D. solani strains causing soft rot disease in potatoes. However, this hypothesis
still needs to be tested.

Although phage treatment lowers the disease incidence in infected tubers from 93.3% to 48.9%
(Figure 4A), almost half of the tubers show some soft rot symptoms, all be it at a significantly reduced
severity (Figure 4B). Therefore, although phage treatment effectively reduced soft rot symptoms,
it failed to completely eliminate the infection from all tubers. It is unclear if the bacteria that manage to
establish an infection in phage-treated tubers become resistant to all of the phages in the cocktail or
how they otherwise evade phage infection. A genetically diverse set of phages was used for the phage
cocktail in order to lower the probability that a bacterium will develop resistance towards all phages
in the cocktail. However, the possibility of cross-resistances emerging to all phages in the cocktail has
not been tested and can therefore not be ruled out. Further studies are needed to determine whether
the emergence of cross-resistance might limit the effect of phage biocontrol treatment. Even though
phage treatment did not completely eliminate soft rot symptoms after D. solani infection, it managed
to reduce the amount of diseased tissue by 75.3% (Figure 4B). Taken together with previous studies
on phage treatment of D. solani [9,10,12] and P. Atrosepticum [11] (manuscript submitted to FEMS
Microbiology Letters thematic Issue on Microbial Food and Feed Ingredients), this indicates that
phage biocontrol can be used to effectively control SRE in potato tubers. However, further research is
needed to determine the factors that prevent complete elimination of the pathogen so that steps can be
introduced to further increase the effectiveness of such treatments.
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P <0.0001

100+

80+
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P < 0.0001

Tissue maceration (g)
s

Figure 4. Potato maceration assay: Negative control (black); potatoes not exposed to neither phages
nor bacteria. Phage only (grey); Potatoes washed in phage cocktail solution, but not exposed to bacteria.
Positive control (red); Potatoes washed in sterile water and inoculated with bacteria. Treatment (green);
Potatoes washed in phage solution and inoculated with bacteria. N = 45 for each treatment group.
(A) Soft rot disease incidence (%): Positive soft rot infection was identified as the presence of >0.5 g
macerated potato tissue. Numbers indicate the percentage of infected potatoes; error bars show 95%
confidence interval. The treatment group showed a significant reduction compared to the untreated
group (Chi-squared test, P < 0.0001). (B) Box plot showing the amount of macerated tissue (g) of
potatoes after 5 days incubation.

4. Conclusions

Out of the 46 isolated phages, 40 of them belong to Cluster B. The isolated Cluster B phages are
genetically similar but cluster into two distinct sub clusters (Figure S1). These phages were isolated
from different environments, at different time points and at different locations in Denmark, indicating
that Cluster B phages are both widespread and numerous. The remaining six phages all share a
genome organization similar to that found in the T7-like phages. However, despite the similar genome
structure, the phages have very limited nucleotide similarity (Figure S1) and might therefore represent
two novel genera according to ICTV guidelines [38]. Six of the isolated phages were included in
a phage cocktail and applied in an in vivo experiment on potato tubers. The phage cocktail reduced
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both disease severity and disease incidence, indicating that phage biocontrol could be a promising
alternative method for combating soft rot. The authors suggest introducing phage biocontrol at two
places in the potato production pipeline: either after harvest to reduce spoilage caused by soft rot
during storage or immediately prior to planting to reduce both soft rot and potentially blackleg during
the growing season. It still needs to be investigated whether phage biocontrol can efficiently remove D.
solani from latently infected potatoes, where the bacterial load can be very low. For the closely related
SRE, P. atrosepticum, blackleg is unlikely to develop if the bacterial load is lower than 10® CFU per
tuber [39]. However, it is unknown whether phage treatment can effectively lower the bacterial load
to these levels. However, a smaller reduction in bacterial load will also be expected to lower disease
severity and disease incidence. If successful, this could be very useful for seed producers to ensure
seeds are free of D. solani. Moreover, using phage biocontrol might assist in halting the rapid spread of
this emerging pathogen.

Supplementary Materials: The following are available online at http:/ /www.mdpi.com/1999-4915/10/11/621/
s1; Figure S1: All vs all nucleotide comparison between all isolated phages; Figure S2: Phylogenetic analyses of
amino acid sequences from three conserved proteins. A) Major capsid protein; B) RNA polymerase; C) Terminase,
large subunit. The sequences are derived from Cluster A phages and Ninurta with the two closest relatives to each
included for comparison (as determined by BLASTn); yersinia phage YpP-G (JQ965702), escherichia phage P694
(KP090454), pectobacterium phage PP74 (KY084243), dickeya phage vB_DsoP_JA10 (MH460459). The sequences
of Dagda and Dagda_B1 are identical and therefore Dagda_B1 is excluded from the analysis. The bootstrap
percentages are shown next to each node, branch lengths measured in the number of substitutions per site; Figure
S3: All vs all nucleotide comparison between Cluster A phages and Ninurta, with the two closest relatives to
each included for comparison (as determined by BLASTn) YpP-G (JQ965702) P694 (KP090454) PP74 (KY(084243)
vB_DsoP_JA10 (MH460459); Figure S4: VICTOR-generated phylogenomic analysis of Cluster A phages and
Ninurta, with the two closest relatives to each included for comparison, performed using the distance formula DO.
Values derived from 100 Pseudo-bootstrap replicates are shown at branches; Figure S5: Phamerator map showing
the genomes of Coodle and Kamild with dickeya phage vB_DsoM_LIMEstonel (NC_019925.1) included as a
reference. Each genome is represented by a vertical line with intersecting colored lines representing nucleotide
similarity, red being more dissimilar and violet being more similar. Colored boxes represent genes; Table S1:
Isolation source of the 46 isolated phages.

Author Contributions: Conceptualization, A.B.C., WK. and L.H.H.; methodology, A.B.C., AM.D., WK. and
L.H.H.; validation, A.B.C., AM.D.,, WK. and L.H.H.; formal analysis, A.B.C., AM.D., D].-S. and WK;;
investigation, A.B.C. and A.M.D.; resources, G.EH. and L.H.H.; data curation, A.B.C., AM.D., WK. and D.].-S,;
writing—original draft preparation, A.B.C.; writing—review and editing, AM.D., WK,, D.J.-S.,, LH.H. and G.EH,;
visualization, A.B.C. and A.M.D; supervision, W.K., L.H.H.; project administration, W.K. and L.H.H.; funding
acquisition, W.K. and L.H.H.

Funding: This research was funded by the Danish Research Council for Technology and Production Grants, grant
number DFF —4184-00070 (Phytoprotect). In addition, funding to G.E.H. was from NIH grant GM116884

Acknowledgments: The authors would like to thank Travis Mavrich, Christian H. Gauthier and Steven Cresawn
for support and technical assistance in the use of Phamerator.

References

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

2. Agrios, G.N. Plant Pathology, 5th ed.; Elsevier Academic Press: Cambridge, USA, 2005; ISBN 0120445654.

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

4. Toth, I; Bell, K.,; Holeva, M. Soft rot erwiniea: From genes to genomes. Mol. Plant Pathol. 2003, 4, 17-30.
[CrossRef] [PubMed]

5. Olsen, N.; Miller, J.; Nolte, P. Diagnosis & Management of Potato Storage Diseases. Educ. Publ. Warehouse,
Univ. Idaho 2006, CIS 1131, 1-8.

6. Toth, IK,; van der Wolf, ] M.; Saddler, G.; Lojkowska, E.; Hélias, V.; Pirhonen, M.; Tsror Lahkim, L.;
Elphinstone, J.G. Dickeya species: an emerging problem for potato production in Europe. Plant Pathol.
2011, 60, 385-399. [CrossRef]


http://www.mdpi.com/1999-4915/10/11/621/s1
http://www.mdpi.com/1999-4915/10/11/621/s1
http://dx.doi.org/10.1094/PHYTO-97-9-1150
http://www.ncbi.nlm.nih.gov/pubmed/18944180
http://dx.doi.org/10.1111/j.1365-3059.2011.02470.x
http://dx.doi.org/10.1046/j.1364-3703.2003.00149.x
http://www.ncbi.nlm.nih.gov/pubmed/20569359
http://dx.doi.org/10.1111/j.1365-3059.2011.02427.x

Viruses 2018, 10, 621 11 of 12

10.

11.

12.

13.

14.

15.

16.

17.

18.

19.

20.

21.

22.

23.

24.

25.

26.

27.

Tsror, L.; Erlich, O.; Lebiush, S.; Hazanovsky, M.; Zig, U.; Slawiak, M.; Grabe, G.; van der Wolf, ].M.; van de
Haar, J.J. Assessment of recent outbreaks of Dickeya sp. (syn. Erwinia chrysanthemi) slow wilt in potato crops
in Israel. Eur. J. Plant Pathol. 2009, 123, 311-320. [CrossRef]

Potrykus, M.; Golanowska, M.; Sledz, W.; Zoledowska, S.; Motyka, A.; Kolodziejska, A.; Butrymowicz, J.;
Lojkowska, E. Biodiversity of Dickeya spp. isolated from potato plants and water sources in temperate
climate. Plant Dis. 2016, 100, 408-417. [CrossRef]

Czajkowski, R.; Ozymko, Z.; de Jager, V.; Siwinska, J.; Smolarska, A.; Ossowicki, A.; Narajczyk, M.;
Lojkowska, E. Genomic, proteomic and morphological characterization of two novel broad host lytic
bacteriophages ®PD10.3 and ®PD23.1 infecting pectinolytic Pectobacterium spp. and Dickeya spp. PLoS ONE
2015, 10, e0119812. [CrossRef] [PubMed]

Adriaenssens, E.M.; van Vaerenbergh, J.; Vandenheuvel, D.; Dunon, V.; Ceyssens, PJ.; de Proft, M.;
Kropinski, A.M.; Noben, J.P.; Maes, M.; Lavigne, R. T4-related bacteriophage LIMEstone isolates for the
control of soft rot on potato caused by “Dickeya solani”. PLoS ONE 2012, 7, €33227. [CrossRef] [PubMed]
Buttimer, C.; Hendrix, H.; Lucid, A.; Neve, H.; Noben, J.-P.; Franz, C.; O'Mahony, J.; Lavigne, R.; Coffey, A.
Novel N4-Like bacteriophages of Pectobacterium atrosepticum. Pharmaceuticals 2018, 11, 45. [CrossRef]
[PubMed]

Czajkowski, R.; Smolarska, A.; Ozymko, Z. The viability of lytic bacteriophage ®D5 in potato-associated
environments and its effect on Dickeya solani in potato (Solanum tuberosum L.) plants. PLoS ONE
2017, 12, e0183200. [CrossRef] [PubMed]

Iriarte, F.B.; Balogh, B.; Momol, M.T.; Smith, L.M.; Wilson, M.; Jones, ]J.B. Factors affecting survival of
bacteriophage on tomato leaf surfaces. Appl. Environ. Microbiol. 2007, 73, 1704-1711. [CrossRef] [PubMed]
Jones, J.B.; Jackson, L.E.; Balogh, B.; Obradovic, A.; Iriarte, EB.; Momol, M.T. Bacteriophages for plant disease
control. Annu. Rev. Phytopathol. 2007, 45, 245-262. [CrossRef] [PubMed]

Sambrook, J.; Fritsch, E.E.; Maniatis, T. Molecular cloning: A laboratory manual, 2nd ed.; Cold Spring Harbor
Laboratory Press: Cold Spring Harbor, NY, USA, 1990; ISBN 0-87969-309-6.

Nielsen, T.K.; Carstens, A.B.; Browne, P,; Lametsch, R.; Neve, H.; Kot, W.; Hansen, L.H. The first characterized
phage against a member of the ecologically important sphingomonads reveals high dissimilarity against all
other known phages. Sci. Rep. 2017, 7, 13566. [CrossRef] [PubMed]

Bankevich, A.; Nurk, S.; Antipov, D.; Gurevich, A.A.; Dvorkin, M.; Kulikov, A.S.; Lesin, V.M.; Nikolenko, S.I.;
Pham, S.; Prjibelski, A.D.; et al. SPAdes: A new genome assembly algorithm and its applications to single-cell
sequencing. J. Comput. Biol. 2012, 19, 455-477. [CrossRef] [PubMed]

DNA Master. Available online: http://cobamide2.bio.pitt.edu (accessed on 7 November 2018).
Borodovsky, M.; McIninch, ]. GENMARK: Parallel gene recognition for both DNA strands. Comput. Chem.
1993, 17, 123-133. [CrossRef]

Salzberg, S.L.; Delcher, A.L.; Kasif, S.; White, O. Microbial gene identification using interpolated Markov
models. Nucleic Acids Res. 1998, 26, 544-548. [CrossRef] [PubMed]

Altschul, S.F; Madden, T.L,; Schiffer, A.A.; Zhang, ].; Zhang, Z.; Miller, W.; Lipman, D.J. Gapped BLAST and
PSI-BLAST: A new generation of protein database search programs. Nucleic Acids Res. 1997, 25, 3389-3402.
[CrossRef] [PubMed]

Lowe, T.M.; Eddy, S.R. tRNAscan-SE: A program for improved detection of transfer RNA genes in genomic
sequence. Nucleic Acids Res. 1997, 25, 955-964. [CrossRef] [PubMed]

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

Agren, ].; 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, €39107. [CrossRef] [PubMed]

Cresawn, S.G.; Bogel, M.; Day, N.; Jacobs-Sera, D.; Hendrix, R.W.; Hatfull, G.F. Phamerator: A bioinformatic
tool for comparative bacteriophage genomics. BMC Bioinform. 2011, 12, 395. [CrossRef] [PubMed]

Kumar, S.; Stecher, G.; Li, M.; Knyaz, C.; Tamura, K. MEGA X: Molecular evolutionary genetics analysis
across computing platforms. Mol. Biol. Evol. 2018. [CrossRef] [PubMed]

Meier-Kolthoff, J.P.; Goeker, M. VICTOR: Genome-based phylogeny and classification of prokaryotic viruses.
bioRxiv 2017, 33, 3396-3404. [CrossRef]


http://dx.doi.org/10.1007/s10658-008-9368-0
http://dx.doi.org/10.1094/PDIS-04-15-0439-RE
http://dx.doi.org/10.1371/journal.pone.0119812
http://www.ncbi.nlm.nih.gov/pubmed/25803051
http://dx.doi.org/10.1371/journal.pone.0033227
http://www.ncbi.nlm.nih.gov/pubmed/22413005
http://dx.doi.org/10.3390/ph11020045
http://www.ncbi.nlm.nih.gov/pubmed/29757952
http://dx.doi.org/10.1371/journal.pone.0183200
http://www.ncbi.nlm.nih.gov/pubmed/28800363
http://dx.doi.org/10.1128/AEM.02118-06
http://www.ncbi.nlm.nih.gov/pubmed/17259361
http://dx.doi.org/10.1146/annurev.phyto.45.062806.094411
http://www.ncbi.nlm.nih.gov/pubmed/17386003
http://dx.doi.org/10.1038/s41598-017-13911-1
http://www.ncbi.nlm.nih.gov/pubmed/29051555
http://dx.doi.org/10.1089/cmb.2012.0021
http://www.ncbi.nlm.nih.gov/pubmed/22506599
http://cobamide2.bio.pitt.edu
http://dx.doi.org/10.1016/0097-8485(93)85004-V
http://dx.doi.org/10.1093/nar/26.2.544
http://www.ncbi.nlm.nih.gov/pubmed/9421513
http://dx.doi.org/10.1093/nar/25.17.3389
http://www.ncbi.nlm.nih.gov/pubmed/9254694
http://dx.doi.org/10.1093/nar/25.5.955
http://www.ncbi.nlm.nih.gov/pubmed/9023104
http://dx.doi.org/10.1093/nar/gkh152
http://www.ncbi.nlm.nih.gov/pubmed/14704338
http://dx.doi.org/10.1371/journal.pone.0039107
http://www.ncbi.nlm.nih.gov/pubmed/22723939
http://dx.doi.org/10.1186/1471-2105-12-395
http://www.ncbi.nlm.nih.gov/pubmed/21991981
http://dx.doi.org/10.1093/molbev/msy096
http://www.ncbi.nlm.nih.gov/pubmed/29722887
http://dx.doi.org/10.1093/bioinformatics/btx440

Viruses 2018, 10, 621 12 of 12

28.

29.

30.

31.

32.

33.

34.

35.

36.

37.

38.

39.

Dees, M.W.,; Lebecka, R.; Perminow, J.I.S.; Czajkowski, R.; Grupa, A.; Motyka, A.; Zoledowska, S.; Sliwka, J.;
Lojkowska, E.; Brurberg, M.B. Characterization of Dickeya and Pectobacterium strains obtained from diseased
potato plants in different climatic conditions of Norway and Poland. Eur. J. Plant Pathol. 2017, 148, 839-851.
[CrossRef]

Rocha, E.P.C.; Danchin, A. Base composition bias might result from competition for metabolic resources.
Trends Genet. 2002, 18, 291-294. [CrossRef]

Chen, M.; Xu, J.; Yao, H.; Lu, C.; Zhang, W. Isolation, genome sequencing and functional analysis of two
T7-like coliphages of avian pathogenic Escherichia coli. Gene 2016, 582, 47-58. [CrossRef] [PubMed]

Berry, J.; Summer, E.J.; Struck, D.K.; Young, R. The final step in the phage infection cycle: The Rz and Rz1
lysis proteins link the inner and outer membranes. Mol. Microbiol. 2008, 70, 341-351. [CrossRef] [PubMed]
Lavigne, R.; Seto, D.; Mahadevan, P; Ackermann, H.-W.; Kropinski, A.M. Unifying classical and
molecular taxonomic classification: analysis of the Podoviridae using BLASTP-based tools. Res. Microbiol.
2008, 159, 406-414. [CrossRef] [PubMed]

Edgell, D.R.; Gibb, E.A.; Belfort, M. Mobile DNA elements in T4 and related phages. Virol. . 2010. [CrossRef]
[PubMed]

Goodrich-Blair, H.; Shub, D.A. Beyond homing: Competition between intron endonucleases confers
a selective advantage on flanking genetic markers. Cell 1996, 84, 211-221. [CrossRef]

Brok-Volchanskaya, V.S.; Kadyrov, FA.; Sivogrivov, D.E.; Kolosov, PM.; Sokolov, A.S.; Shlyapnikov, M.G.;
Kryukov, V.M.; Granovsky, L.E. Phage T4 SegB protein is a homing endonuclease required for the preferred
inheritance of T4 tRNA gene region occurring in co-infection with a related phage. Nucleic Acids Res. 2008, 36,
2094-2105. [CrossRef] [PubMed]

Buttimer, C.; McAuliffe, O.; Ross, R.P; Hill, C.; O'Mahony, J.; Coffey, A. Bacteriophages and bacterial plant
diseases. Front. Microbiol. 2017, 8, 34. [CrossRef] [PubMed]

Casey, E.; van Sinderen, D.; Mahony, J. In Vitro characteristics of phages to guide “real life” phage therapy
suitability. Viruses 2018, 10. [CrossRef] [PubMed]

Adriaenssens, E.; Brister, ].R. How to name and classify your phage: an informal guide. Viruses 2017, 9.
[CrossRef] [PubMed]

Pérombelon, M.C.M.; Hyman, L.J. Serological methods to quantify potato seed contamination by Erwinia
carotovora subsp. atroseptica. EPPO Bull. 1995, 25, 195-202. [CrossRef]

® © 2018 by the authors. Licensee MDPI, Basel, Switzerland. This article is an open access
@ article distributed under the terms and conditions of the Creative Commons Attribution

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


http://dx.doi.org/10.1007/s10658-016-1140-2
http://dx.doi.org/10.1016/S0168-9525(02)02690-2
http://dx.doi.org/10.1016/j.gene.2016.01.049
http://www.ncbi.nlm.nih.gov/pubmed/26828615
http://dx.doi.org/10.1111/j.1365-2958.2008.06408.x
http://www.ncbi.nlm.nih.gov/pubmed/18713319
http://dx.doi.org/10.1016/j.resmic.2008.03.005
http://www.ncbi.nlm.nih.gov/pubmed/18555669
http://dx.doi.org/10.1186/1743-422X-7-290
http://www.ncbi.nlm.nih.gov/pubmed/21029434
http://dx.doi.org/10.1016/S0092-8674(00)80976-9
http://dx.doi.org/10.1093/nar/gkn053
http://www.ncbi.nlm.nih.gov/pubmed/18281701
http://dx.doi.org/10.3389/fmicb.2017.00034
http://www.ncbi.nlm.nih.gov/pubmed/28163700
http://dx.doi.org/10.3390/v10040163
http://www.ncbi.nlm.nih.gov/pubmed/29601536
http://dx.doi.org/10.3390/v9040070
http://www.ncbi.nlm.nih.gov/pubmed/28368359
http://dx.doi.org/10.1111/j.1365-2338.1995.tb01458.x
http://creativecommons.org/
http://creativecommons.org/licenses/by/4.0/.

	Introduction 
	Materials and Methods 
	Phage Isolation 
	DNA Isolation and Sequencing 
	Assembly 
	Annotation 
	Comparative Genomics 
	Phage Stability 
	Potato Infection Model 

	Results and Discussion 
	Phage Characterization 
	Formation of Phage Cocktail 
	Phage Stability 
	Potato Infection Model 

	Conclusions 
	References

