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Widespread and largely unknown prophage activity, diversity,
and function in two genera of wheat phyllosphere bacteria
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Environmental bacteria host an enormous number of prophages, but their diversity and natural functions remain largely elusive.
Here, we investigate prophage activity and diversity in 63 Erwinia and Pseudomonas strains isolated from flag leaves of wheat
grown in a single field. Introducing and validating Virion Induction Profiling Sequencing (VIP-Seq), we identify and quantify the
activity of 120 spontaneously induced prophages, discovering that some phyllosphere bacteria produce more than 108 virions/mL
in overnight cultures, with significant induction also observed in planta. Sequence analyses and plaque assays reveal E. aphidicola
prophages contribute a majority of intraspecies genetic diversity and divide their bacterial hosts into antagonistic factions engaged
in widespread microbial warfare, revealing the importance of prophage-mediated microdiversity. When comparing spontaneously
active prophages with predicted prophages we also find insertion sequences are strongly correlated with non-active prophages. In
conclusion, we discover widespread and largely unknown prophage diversity and function in phyllosphere bacteria.
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INTRODUCTION
Although it has become an often-cited statement that bacter-
iophages are the most abundant entities on the planet [1], many
do not exist as the free-floating virions we generally envision but
instead lie integrated as prophages within the genomes of most
bacteria. From this perspective, “most” microbiologists work with
phages, albeit indirectly and often unknowingly. Consequently, a
better understanding of prophage activity and function may yield
deep insights into the behaviour of their bacterial hosts.
Representing the dormant stage of a temperate bacteriophage

infection, prophages are phage genomes replicated vertically with
their host bacteria. Prophages can remain in this state indefinitely,
until either induced to produce phage virions and burst out of
the cell, or domesticated by mutations rendering them incapable
of induction [2]. Although nearly universal in bacterial taxa,
prophages appear to be unevenly distributed. A recent study of
10,370 bacterial and archaeal genomes found predicted pro-
phages in 75% of genomes with an average of 3.24 per genome
[3, 4]. In contrast to the strictly predatory nature of virulent (non-
integrating) phages, these temperate phages constitute a double-
edged sword for their bacterial hosts [5]. The vast majority of
temperate phage infections result in immediate viral replication
and bacterial death [6], but when integrated, prophages may
conditionally increase host fitness through virulence factors [7].
Helpfully, prophages can also provide their hosts with resistance
to infection by related phages, although the breadth of this
resistance varies [8]. Modelling of a two-microbe system also
suggests prophage induction can act as a potent, self-replicating
weapon for their hosts [9]. However, in contrast to virulent phages,

temperate phages are generally prohibited as biocontrol agents
due to the potential transmission of virulence factors [10].
Many possible triggers for prophage induction exist, including

DNA damage [11], bacterial toxins [12], and phage-encoded
communication systems [13]. Many prophages also exhibit so-
called spontaneous induction, where lysogens produce detectable
levels of free phage in regular bacterial cultures, although evidence
suggests “spontaneous” induction is in response to triggers such as
DNA damage observed in a subset of the bacterial community
[14–16]. Further complicating matters, prophage induction rates are
influenced by the choice of media [17] while indirect effects such as
quorum sensing [13, 18] may also impact induction rates in
unpredictable fashion. Despite these intriguing dynamics, much is
unknown about the role of prophages in microbial ecology, and
especially in the phyllosphere. Prophage induction is widely
observed in gut bacteria [19], with evidence suggesting they may
play important roles in modulating their microbial communities [20].
Despite our growing understanding of their importance, prophages
are not generally studied within the field of plant-beneficial
synthetic communities (SynComs) [21]. There are however indica-
tions that prophages are important players in the phyllosphere;
phage depletion has been shown to alter bacterial composition [22],
although prophages were not investigated. A recent metagenomics
study of the wheat phyllosphere also found 24% of phages were
predicted to be temperate, while the most plentiful phage was
temperate phage Hamitonella virus APSE, which can protect aphids
from parasitic wasps [23, 24].
Identifying prophages can be difficult. Although bioinformatics

tools such as PHASTER [25] and VIBRANT [26] offer in silico
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prophage prediction from bacterial genome assemblies, sequence-
based identification of prophages has limitations, such as determin-
ing whether a prophage is viable, and cannot predict the relative
induction rates of prophages or under what conditions they are
induced. To quantify induced prophages, traditional plaque assays
are extensively used. However, since this requires susceptible hosts,
many studies have used culture-free techniques (TEM, epifluores-
cence microscopy, qPCR) [27–29]. More recently, several tools now
identify prophage activity by mapping whole genome shotgun
(WGS) reads to bacterial assemblies. PropagAtE [30] and hafeZ [31]
both search for regions with high read coverage directly (calculating
the prophage/host read coverage), while Prophage Tracer [32]
searches for discordant reads to estimate prophage excision rates
(although it cannot accurately quantify excision in a host with
multiple active prophages). However, the high level of background
chromosomal coverage limits the detection limit in WGS data. To
solve this, the Tranductomics [33] pipeline sequences only the
encapsulated DNA of induced phages, improving the detection
limit and enabling investigation of transduction patterns (without
phage quantification). Building on the best from these tools, we
introduce and validate Virion Induction Profiling Sequencing (VIP-
Seq). By quantifying DNA concentrations from encapsulated DNA
combined with read mapping and examination of discordant reads,
VIP-Seq enables both identification and absolute quantification of
all induced prophage titres with high sensitivity.
Applying both VIP-Seq and other techniques to a strain collection

isolated from a single environment, we conduct one of the first
investigations into prophages in the phyllosphere. From 63 newly
sequenced Erwinia and Pseudomonas strains isolated from the flag
leaves of wheat grown in a single field, we discover 120 sponta-
neously induced prophages from 23 novel genera, quantify their
titres, finding many are highly induced in overnight cultures. We
further show that extensive prophage induction can also occur in
planta using wheat seedlings. Investigating the significance of
microdiversity that would go undiscovered by traditional metage-
nomic studies, we find prophages to be primary facilitators of
intraspecies diversity and warfare, fragmenting their hosts into non-
compatible “phagotypes”. Finally, comparisons with bioinformatic
prophage predictions also revealed major discrepancies and
suggestions of IS-mediated prophage inactivation. Our results find,
for the first time, that prophages are prevalent, active, genetically
diverse, and impactful in wheat phyllosphere bacteria.

MATERIALS AND METHODS
Isolation of phyllosphere isolates
All bacterial strains were isolated in June 2021 from the flag leaves of four
wheat cultivars (Sheriff, Heerup, Rembrandt and Kvium) grown in an
experimental field in Høje Taastrup, near Copenhagen, Denmark. Wheat
flag leaves were picked, pooled, and either washed or blended prior to
dilution plating out on Pseudomonas Isolation Agar (NutriSelect Plus,
Germany) and incubation at 20 °C. 165 colonies were re-streaked for
purification at least three times, and stored at −80 °C in 20% (v/v) glycerol.

Sequencing and analysis of phyllosphere bacteria
These 165 purified phyllosphere bacterial isolates were sequenced with the
long-read Oxford Nanopore Technologies (ONT) platform. The strains were
inoculated in LBmedia (10 g/L NaCl, 10 g/L Tryptone, 5 g/L Yeast Extract) and
grown overnight for about 16 h at room temperature (approx. 20 °C) with

225 rpm shaking. DNA was isolated from the isolates using the Genomic Mini
AX Bacterial 96-well kit (A&A Biotechnology, Poland). Libraries were built
using the Rapid Barcoding 96 kit (SQK-RBK110.96) and sequenced on two
PromethION flow cells. All software analyses were run with default
parameters unless otherwise indicated.
Basecalling was performed with Guppy (5.1.13+ b292f4d) using the

super accuracy model. Reads were assembled using Flye (v2.9) [34], and
polished twice with Medaka (v1.5.0) [35] using the ‘r941 prom sup g507’
model. Based on Flye assembly information, 15 of these assemblies
appeared to be contaminated with multiple chromosomes or otherwise
improperly assembled and were discarded, leaving 150 fully assembled
bacterial genomes for further investigation (Supplementary Table S1).
Bacterial taxonomy was determined using GTDB-Tk [36]. Whole-genome

distances between all isolates were calculated using FastANI (v1.3.3) [37]
nucleotide similarities multiplied with the ratio of aligned fractions. Finally,
genomes were annotated with Prokka (v1.14.6) [38] with default settings.
Using these annotations, each genome was then rearranged to start at the
identified dnaA genes. To determine pan- and core-genomes for bacterial
species clusters, MMseqs2 (v14.7e284) [39] was used to cluster genes at
nucleotide level with 0.9 identity and coverage. Core genes were defined
as appearing in at least (N-1)/N genomes in a species cluster. Antiphage
defence systems were identified using DefenseFinder [40], and CRISPR
spacers with evidence levels 2, 3, or 4 were matched to SIPs using BLASTN
(blastn-short, DUST disabled, e-value cutoff of 1, gap open and gap extend
penalty 10) [41].

Bioinformatic prediction of prophage elements
Using the bacterial genomes as input, prophages were predicted using
Phaster (webserver) and VIBRANT (v1.2.1). Both software split their prophage
predictions into three categories; for VIBRANT, categories are “high”,
“medium”, and “low” confidence, and for PHASTER “intact”, “questionable”,
and “incomplete”. For comparative purposes, PHASTER predictions are hereby
referred to as “high”, “medium”, and “low” confidence.
Since our interest was the prophage content of the bacteria, we

dereplicated clonal/highly similar bacterial isolates based on their
predicted prophage content. First, all individual prophage sequences
predicted by VIBRANT were stringently clustered by nucleotide similarity
using CD-HIT-EST (v4.7) [42] with a 0.98 similarity cutoff, 0.95 length
difference cutoff, and word size 10. Subsequently, the bacterial genomes
were clustered if they contained the same combination of predicted
prophage clusters. This resulted in 61 bacterial clusters, from which one
representative strain was randomly selected from each cluster for further
analysis. Two additional strains without VIBRANT-predicted prophages
were also included, resulting in a total of 63 strains (45 Erwinia strains and
18 Pseudomonas strains).

Identification and quantification of active prophages using
Virion Induction Profiling Sequencing (VIP-Seq)
We used VIP-Seq to identify and quantify prophages in supernatants of
overnight bacterial cultures.
In brief, bacterial supernatants were concentrated and DNAse-digested,

followed by quantification of the encapsulated DNA and read-mapping
back to the bacterial host (Fig. 1). Cultures were inoculated in LB medium
and grown overnight (approx. 16 h) at 20 °C with 225 rpm shaking to
stationary phase. Cultures were then centrifuged at 8000 xg for 5 min to
pellet cells, and filter-sterilised with 0.22 µm 25mm cellulose acetate
syringe filters (Q-Max, Germany). To increase the concentration of low-titre
prophages, 30 mL of the resulting supernatants were concentrated using
100 kDa Amicon filters (Merck Millipore, Ireland), to ≤1mL. When needed,
SM buffer (100mM NaCl, 10 mM MgSO4, 50mM Tris-HCl, pH 7.5) was
added to adjust the final volume of concentrated supernatants to
approximately 1 mL. The supernatants were again filtered with 0.22 µm
filters since the Amicon filters are non-sterile.

Fig. 1 The VIP-Seq workflow used for identification and quantification of active prophages in bacterial cultures. Created with BioRender.com.
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To remove non-encapsulated nucleic acids, DNase I (25 units/mL) and
RNase A (25 µg/mL) (A&A Biotechnology, Poland) were added to the
concentrated supernatants and incubated for an hour at 37 °C. Next, DNase
and RNAse were deactivated and phage capsids opened by incubating
with EDTA (50 µM), SDS (0.1%), and Proteinase K (1 mg/mL) at 55 °C for an
hour, followed by Proteinase K deactivation at 70 °C for 10min.
The raw DNA extractions were then concentrated with Clean &

Concentrator-5 (Zymo Research, USA), eluting in 24 µL DNA elution buffer
(10mM Tris, pH 8.5, 0.1 mM EDTA). DNA concentrations were measured on a
Qubit 2.0 fluorometer using 5 µL (ThermoFisher, USA) using High Sensitivity
dsDNA assays.
To determine the percentage of isolated DNA mapping to active

prophage regions, Illumina libraries were built using Ultra II FS DNA
Library Prep Kit (New England Biolabs, USA) and sequenced with the
Nextseq500 System (Illumina) to generate 150 bp paired-end reads.
Reads were trimmed and quality-controlled by running TrimGalore
(v0.6.6) [43], and mapped back to their host genomes using CLC
Genomics Workbench 2022 (Qiagen, Germany), ignoring non-specific
matches. Active prophage regions were found by manually inspecting
read coverage, and exact prophage coordinates were identified using
discordant reads that map to both ends of the integrated prophage. This
allows for manual identification of prophages using very few reads as in
Prophage Tracer’s approach [32] but improves detection because there
is very little background coverage from chromosomal DNA. In three
cases, read coverage was too low to determine the boundaries of the
prophage genome directly, and boundaries were instead determined by
comparison with highly similar prophages from other strains (Supple-
mentary Table S2). After identifying the active prophages in each
bacterial genome, the titre of each induced prophage in each bacterial
host was estimated using the formula:

induced prophage=mL ¼ mDNA � NA

Mnt � Lprophage �
rpp
rtot

to obtain induced prophage titres in terms of (induced prophage) genome
copies/mL, where mDNA is the total mass of eluted DNA adjusted per 1mL
overnight bacterial culture, NA is Avogadro’s constant, Mnt is the average
molar mass of a DNA nucleotide (617.96 g/mol/bp), Lprophage is the length of
the induced prophage genome, rpp is the number of reads mapped to the
prophage region, and rtot is the total number of reads.
For five strains (E. aphidicola B01_5, B01_10, W09_2, P. trivialis B08_3, and

W02_4), the effect of mitomycin C on prophage induction was also
investigated. Colonies were inoculated in LB and grown to an OD600 of 0.2
after which mitomycin C was added at 1 µg/mL. Following incubation
overnight, active prophages were identified, and their activity was quantified
as described above.

Validation of VIP-Seq quantification
To validate VIP-Seq quantification of active prophages, we compared
results with those obtained by two other established methods, epifluor-
escent microscopy (EPI) of virus-like particles (VLPs) stained with SYBR Gold
(ThermoFisher, USA), and a traditional plaque assay using susceptible
bacterial strains as hosts.
Three phyllosphere strains were chosen for workflow validation; the

prophage-inducing strains E. aphidicola B01_5 and E. sp W01_1, and the P.
trivialis strain W02_4 presumed not to harbour spontaneously active
prophages (although a mitomycin C-induced prophage was found). For
comparison, the titre of a T4 phage stock was also estimated using the
three methods.
Supernatants from overnight cultures were prepared as before in

biological triplicates. A T4 enrichment was obtained by adding 10 µL of a
T4 stock (SM buffer) to an exponential-phase Escherichia coli MG1655
culture in 100mL LB and incubated overnight at 37 °C with 225 rpm
shaking (also in triplicate). Supernatant was prepared as before.
Active prophage titres from each of the samples were quantified with VIP-

Seq. The T4 parallels were also quantified by DNA concentration, although
the phage stock was already at high titre and the Amicon concentration step
was skipped. After sequencing, T4 reads were assembled using SPAdes [44]
3.13.1, and reads were subsequently mapped to the resulting T4 assembly to
quantify the percentage of mapping reads.
EPI microscopy was performed in the following manner. First, DNAse

(25 units) and RNAse (2.5 µg) were added to the unconcentrated
supernatants and incubated for an hour at 37 °C to remove free nucleic
acids. Then, the 10 µL supernatant was added to 990 µL nuclease-free
water along with 10 µL 100x SYBR Gold. After vortexing, the samples

were incubated at room temperature in the dark for 15 min and then
mixed with water to 5 mL. The samples were vacuum filtered using
Anodisc 25 0.02 µm (Whatman, UK) filters to trap the VLPs after pre-
wetting by running 5 mL water through them. The filters were then
transferred to microscopy slides, where a drop of Olympus immersion oil
was added to each, followed by a cover glass. The slides were inspected
using a Axioplan 2 (Zeiss, Germany) at 1000x, and VLPs were counted
manually within a grid.
The samples were also quantified using plaque assays. For T4, E. coli

MG1655 was used as the host. For the three phyllosphere raw supernatants,
the entire collection of 65 strains was screened to find the most efficient host
for plaquing (E. aphidicola B01_10 for B01_5 supernatant, and E. aphidicola
B01_5 for W01_1 supernatant). Both supernatants appeared to produce
uniform plaques on their respective hosts, indicative of plaquing from
a single prophage. To identify which induced prophage was plaquing, three
plaques from each supernatant-host pair were scraped, respectively pooled
together, and sequenced according to the DPS protocol [45]. The
W02_4 supernatant was not observed to plaque on any tested strain.
A dilution series was made for each of the parallels with SM buffer, and

5 µL of each dilution was spotted in triplicate on LB agar plates (100mm
diameter) overlaid with 100 µL of the appropriate overnight culture mixed
with 4 mL top agarose (LB medium with 0.4 % agarose, 10 mM MgCl2 and
CaCl2). After overnight incubation at 20 °C (37 °C for the T4-MG1655 plates),
plaques were counted to obtain phage titres in terms of plaque-forming
units (PFU/mL).

Bioinformatic analysis of prophages
All identified active prophage genomes were clustered using VIRIDIC [46]
(webserver) intergenomic similarity at species (95%) and genus (70%)
levels. All prophages were annotated with three different tools; VIGA
(v0.11.0) [47], BLAST (v2.12.0), and HH-suite3 (v3.3.0) [48]. With BLASTN,
predicted proteins were searched against RefSeq’s viral and bacterial
proteins, while HH-suite was used with UniRef30, pdb70, PFAM, scop70,
and NCBI_CD databases. Final annotations were chosen in order of
priority by BLAST, VIGA, and, HH-suite3. Annotated prophages were
aligned, and their synteny visualised at amino acid level using clinker
(v0.0.26) [49].
To investigate the similarity between the identified prophages and

existing database entries, two BLASTN searches were conducted against
the NCBI nucleotide collection (as of January 2023) for each species
representative; one against all bacterial sequences, and the other against
all virus sequences. Hits were scored according to total BLAST score.
For each experimentally verified active prophage, PHASTER and VIBRANT

predictions were compared using three metrics:

nucleotide precision ¼ # nucleotides predicted AND found in active prophage
# nucleotides in prediction

nucleotide recall ¼ # nucleotides predicted AND found in active prophage
# nucelotides found in active prophage

active prophage recall ¼ Total# prophages predicted ANDobserved active
Total# prophages observed active

For a prophage to be considered “predicted”, we required base recall
>0.75, i.e., the prediction covers >75% of the experimentally verified
prophage.

Supernatant host range assay
We evaluated the ability of phyllosphere prophages to infect and kill rival
phyllosphere strains. Overnight cultures of all 63 strains were pelleted and
syringe-filtered with 0.22 µm filters. Overnight cultures were mixed with
8mL top agarose and plated on LB agar plates (150mm). 2 µL of filtered
supernatant from each of the 45 Erwinia strains was spotted on each
Erwinia lawn, and likewise for the 18 Pseudomonas strains. The plates were
incubated overnight at 20 °C and examined for plaques and clearing zones.
To discriminate between productive phage infections (plaques) and

clearing zones produced by other means, each clearing zone where
plaques were not clearly visible was selected for further experimentation. A
dilution series for each of these supernatants was prepared in SM buffer,
and 2 µL of these supernatants were again spotted on the relevant hosts.
In this manner, each supernatant-host interaction could be classified as
plaquing/non-plaquing.
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In planta detection of active prophages
In addition to examining prophage induction in vitro, we investigated the
production of active prophages in planta. E. aphidicola strain B01_5, which
harbours active prophages, was chosen for the in planta trial. Seeds from
the winter wheat cultivar Heerup were planted in non-sterile soil and
grown in a growth chamber at 22 °C for 12 days with a 16:8 h light:dark
cycle. An overnight culture of B01_5 was pelleted at 4,000 x g for 10min
and resuspended in PBS (137mM NaCl, 2.7 mM KCl, 10 mM Na2HPO4,
1.8 mM KH2PO4). This step was repeated once to remove most of the
induced prophages in culture. This cell suspension was then inoculated on
the first leaf of 12-day-old wheat seedlings (20 seedlings total) using a
spray bottle until the leaf was completely covered. To control for the
presence of already-induced prophages in the PBS-buffered cell suspen-
sion, this cell suspension was pelleted again and the supernatant syringe-
filtered with a 0.22 µm filter to remove bacterial cells. This cell-free
supernatant was then inoculated on the first leaf of 12-day-old wheat
seedlings (20 seedlings total) in the same manner as before.
After inoculation onto the wheat leaves, the populations of B01_5 and

active prophage Glittertind_A were monitored over time in the following
manner. For each time point (0, 1, 2, 3, and 5 days post inoculation), the
first leaf of four seedlings inoculated with the cell suspension, and four
seedlings inoculated with the control supernatant were harvested and
placed in falcon tubes with 3 mL SM buffer. The tubes were shaken
horizontally at 350 rpm for 30min, and subsequently vortexed at max
speed for 10 s. Leaf washes were diluted in SM buffer and plated on PSA
for colony counts, as well as syringe-filtered with 0.22 µm filters for plaque
assays with the susceptible host E. aphidicola B01_10. Up to 500 µL leaf
wash was plated, equivalent to a detection limit of 6 CFU/leaf or PFU/leaf
(1.5/leaf for the mean of four replicates). All plates were incubated at 20 °C,
with plaques counted after overnight incubation. The colonies of strain
B01_5 grown on the PSA plates were counted after two days incubation.

Graphics software
Graphics were created with BioRender.com, clinker (v0.0.27) [49], and the R
programming language (v4.2.2) [50] with packages ggplot2 (v3.4.1) [51],
phyloseq (v1.42.0) [52], ggtree (v3.6.2) [53], ggtreeExtra (v1.8.1) [54],
ggridges (v0.5.4) [55], and ggsankey (v0.0.99999) [56].

RESULTS
Collection and sequencing of phyllosphere bacterial isolates
150 Erwinia and Pseudomonas strains were isolated in June 2021
from the flag leaves of four wheat cultivars (Sheriff, Heerup,
Rembrandt, and Kvium) grown in an experimental field in Høje
Taastrup, near Copenhagen, Denmark. These isolates were
sequenced, and their chromosomes assembled into single contigs.
Bacterial taxonomy was assigned at the species level for all
isolates (Supplementary Table S1), and the prophage content of
each genome was predicted bioinformatically using PHASTER [25]
and VIBRANT [26]. To dereplicate highly similar bacterial strains
and retain all predicted prophages, VIBRANT prophage predictions
were used to dereplicate hosts by predicted prophage content,
clustered by nucleotide similarity, resulting in 61 bacterial clusters.
One bacterial isolate was randomly chosen from each cluster for
further analysis. Two isolates with no predicted prophages were
also included, resulting in a total of 63 strains in five species-level
clusters: Erwinia aphidicola (40 strains), Erwinia billingiae (1 strain),
Pseudomonas poae (12 strains), Pseudomonas trivialis (6 strains),
and a presumed novel species cluster (Erwinia sp.) of four strains
related to E. billingiae (fastANI [37] 0.84, alignment fraction 0.71).

Erwinia and Pseudomonas strains from the phyllosphere
harbour diverse prophages spontaneously induced at
high titres
The 63 selected bacterial isolates were separately grown overnight
in liquid lysogeny broth (LB). Using VIP-Seq, we investigated the
spontaneously induced prophages (SIPs) in each culture. In total,
exact chromosomal locations of 120 SIPs were identified, and their
titres quantified (Supplementary Table S2). In two additional cases,
read coverage indicated a probable prophage region (E. aphidicola
B03_6 and P. poae B05_3) but it was not possible to determine the

exact boundaries of their genomes and they were therefore
dropped from analyses.
After SIP identification, VIRIDIC [46] clustered the 120 SIPs into

28 species-level (95% genomic similarity) and 23 genus-level
(70% genomic similarity) clusters. Each species-level cluster was
named after a Norwegian mountain, with individual prophages
within the cluster named with alphabetical suffices (for example
phages Galdhoepiggen_A, Galdhoepiggen_B) in the species
cluster Galdhoepiggen.
Many of the SIPs were highly induced in overnight cultures,

with titres up to 3*108 virions/mL (Fig. 2A-B). In some strains, virion
titres even rivalled colony-forming units (CFU) counts; in E.
aphidicola strain Z9_1, the aggregated virion/CFU ratio was 0.32
(Fig. 2C).
There were significant differences between the SIP content of

the Erwinia and Pseudomonas strains (Fig. 2 A-C). In median, the
bacterial strains harboured two SIPs, while the E. aphidicola strain
Z9_3 harboured the most (four). In contrast, six Pseudomonas
strains appeared to lack SIPs in overnight cultures. Erwinia strains
also generally had higher aggregated virion titres (median (IQR)
6.5*107 (2.4 – 12)*107 virions/mL) compared to Pseudomonas
(median (IQR) 5.0*105 (2.9 – 12)*105 virions/mL). Although these
differences are reduced after adjusting for CFU concentration
(Fig. 2C), they remain significant (p= 8.9*10-4, Kruskal-Wallis rank
sum test).
Examining the SIP genomes reveals many shared genomic

segments interspersed with non-aligned regions (Fig. 2D). There
was tremendous diversity in the SIPs, with genome lengths ranging
from 16-57 kbp. A BLASTN search against bacterial and virus
sequences in the NCBI nucleotide database were conducted for each
of the prophage species representatives. No high-scoring (query
cover * percent identity > 0.7) viral hits were found, indicating each
of the 23 genus and 28 species clusters may represent a novel phage
genera and species. Meanwhile,16 kbp SIP Kalvehoegda_A (host
bacteria P. poae B04_4) had no BLASTN hits to virus sequences in the
NCBI database. Annotation revealed ash-family proteins and no
structural genes, suggestive of a phage satellite dependent upon a
helper prophage [57]. No other SIPs could be confidently identified,
although both PHASTER and VIBRANT predicted additional pro-
phages in the bacterial genome.
This diverse prophage content strongly contributes to strain-

level diversity. To quantify how much intra-species diversity is due
to these SIPs, we found the pan-genome of the 40 E. aphidicola
strains (4771 genes) was divided into a core genome (3896 genes)
and an accessory genome (875 genes). Of these accessory genes,
494 were found in SIP regions, representing 56% of gene diversity
in the 40 E. aphidicola strains. We also found evidence of
transduction, further underlining their importance as agents of
gene transfer. Using read mapping to investigate transduction
patterns as in the Transductomics pipeline [33], we found many of
the detected prophages had heightened read coverage in
adjacent regions. All eight Storsmeden phages (hosts listed in
Supplementary Table S2) exhibited read coverage indicative of
lateral transduction of an almost 200 kbp adjacent region, where
bacterial chromosomal DNA is packaged in successive capsid
headfuls [33, 58–60]. To a lesser extent, members of the closely
related Trolltunga species cluster also exhibited lateral transduc-
tion in the same region (Supplementary figure S3).

Mitomycin C treatment reveals additional inducible
prophages
Attempting to discover viable prophages not spontaneously
induced in overnight cultures, we incubated five strains (E. aphidicola
B01.5, W09.2, B01.10, P. trivialis B08.3, and W02.4) with mitomycin C,
a DNA-damaging induction trigger for many prophages. W02_4 was
previously considered not to harbour active prophages based on
both VIP-Seq data from untreated overnight cultures and VIBRANT
prophage predictions.
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Except for P. trivialis prophage Geitfjellet_A, the mitomycin C
treatment increased the titres of previously identified SIPs. In
addition to the previously established SIPs, novel 21 kbp putative
prophages were induced at roughly 1.5*106 virions/mL in both
B08_3 and W02_4. Although VIBRANT did not predict these two
regions as prophages, PHASTER did predict active prophages in
these regions. Precise boundaries for these prophages could not be
found with VIP-Seq. In B08_3, this new region was induced at a much
higher level than the two known SIPs Geitfjellet_A and Mortenskaa-
ten_A; in fact, the titre of Geitfjellet_A was reduced 10-fold relative to
the untreated overnight culture (Supplementary Table S2).

Validation of VIP-Seq
To validate the VIP-Seq quantification of induced prophages, we
compared our protocol with both epifluorescence microscopy
(EPI) counts of stained VLPs [61] and PFU counts on susceptible
hosts for untreated overnight cultures of B01_5, W01_1, W02_4,
and virulent phage T4 (Supplementary Table S4). No SIPs had
been identified in untreated W02_4 culture, although a mitomycin
C-inducible prophage had been found.
Except for the W02_4 supernatant, VIP-Seq titres agreed well

with EPI counts, measuring 54%, 65%, and 19% of EPI counts for
T4, B01_5, and W01_1 respectively (Fig. 3). In contrast, PFU was
more variable; while plaque counts exceeded EPI counts for T4,

the PFU/EPI ratio for B01_5 and W01_1 was 4*10-2 and 2.8*10-5

respectively. Since both these strains contain multiple SIPs that
might form PFUs, we sequenced plaques on both indicator strains
to determine which SIP was plaquing (Fig. 3B, C). After adjusting
for the relative titres of the plaquing SIPs in the overnight cultures,
the adjusted PFU/EPI ratios were 1.05 and 1.3*10-4 respectively,
demonstrating that PFU can only conditionally be used to quantify
induced prophage titres.
In the W02_4 supernatant, VIP-Seq and plaque assays were

negative while the EPI count was 2.5*104 VLP/mL (Fig. 3A, D). As
LB media contains fluorescent proteins [62], these may not
represent true phages. However, W02_4 was shown to contain a
mitomycin C-inducible prophage which could also be sponta-
neously induced at levels undetectable to VIP-Seq.
Performing EPI counts of supernatants before and after 30x

Amicon concentration, we found that the concentration step on
average resulted in 47% adjusted EPI count loss (Supplementary
Table S4). From this, we estimated the detection threshold of VIP-
Seq quantification with the utilised parameters (30 mL super-
natant, 24 µL eluted DNA, 5 µL for Qubit measurement, 41 kbp
average SIP genome). Given the Qubit detection limit of 0.1 ng
DNA, this implies a virion detection limit of 7.2*105 virions/mL
(well above the W02_4 EPI count of 2.5*104 VLP/mL). Although
VIP-Seq cannot measure induction rates, this roughly corresponds

Fig. 2 Overview of the bacterial strains and their SIP content. A Cladograms of 45 Erwinia and 18 Pseudomonas strains based on whole-
genome similarity (UPGMA clustering). Also shown are the active prophages in each strain at species-level clusters. Finally, the aggregated
virion titre in overnight culture for each strain is shown in a bar-plot. B Violin plot of estimated virions/mL for all 120 Erwinia and Pseudomonas
active prophages. C Violin plot of estimated virions/CFU for all 120 Erwinia and Pseudomonas active prophages. D Representatives from each of
the 28 identified prophage species-level clusters labelled with the name of each cluster. The Kalvehoegda cluster is marked “*”, as annotation
shows this region is likely a phage satellite. Next to this, clinker figures showing amino acid alignment in coding regions between the species
representatives.
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to an induction rate of around 2*10-6 (using the average CFU/mL
of 2.9*109 and λ phage burst size of ~150 [63]. However, detection
is also dependent on the relative coverage between multiple
active prophages in the same genome, and very-low-titre induced
prophages may be detectable if the host also harbours a higher-
titre prophage producing more DNA; for example, SIP Storheia_B
had a titre of 1.1*104 virions/mL.

Erwinia host prophages capable of bacterial warfare
Having shown SIPs to be widespread in the 63 phyllosphere
isolates, we investigated the potential ecological significance of
this induction by conducting a host range assay for the
supernatant of each strain against all strains of the same genus
(Supplementary Table S5).
While the SIPs in many Erwinia supernatants demonstrated

broad host ranges upon their rival strains isolated from the same
environment (Fig. 4A), the Pseudomonas supernatants failed to
produce a single visible plaque, although some turbid clearing
zones were observed. There was significant variation in host
ranges, with Erwinia supernatants plaquing on between 0
(E. aphidicola B07.5) and 27 (E. aphidicola Z9.1 and Z9.3) rival
strains (Fig. 4B). Prophage susceptibility similarly varied, from 0
(multiple strains) to 30 (E. aphidicola N2.3). There were also at least
two examples of broad range infections, with both E. billingiae
W05.1 and novel E. sp strains plaquing on E. aphidicola strains.
Some supernatants also displayed multiple plaque morphologies
on the same host (for example the left-most three spots in
Fig. 4B corresponding to supernatants from W11.1, Z9.1, and Z9.3
containing 2, 3, and 4 identified SIPs respectively), indicating
multiple SIPs are probably plaquing.
To investigate these plaquing patterns, we ran DefenseFinder [40]

on the 63 strains, identifying 412 phage defence systems divided in

24 types (Supplementary Table S6). The median number of systems
in Erwinia strains was eight compared to only four in Pseudomonas
strains. Identifiable defence systems were found on 6/28 of the SIP
species clusters. CRISPR systems were also found in all 40 E.
aphidicola strains. Spacers against the same six SIP species clusters
(Glittertind, Surtningssue, Puttegga, Jervasstind, Storebjoern, and
Tomashelleren) were found in all but three E. aphidicola strains, with
additional spacers against the Snoehetta phages were found in E.
aphidicola B01_2 and E. aphidicola B01_10. Auto-immune spacers
targeting SIPs in the same genome were also present in 30/40 of the
E. aphidicola genomes.
To investigate further the defensive properties of all VIP-Seq

identified SIPs, we clustered the Erwinia strains into 15 “phago-
types” determined by their combinations of SIPs clustered at
genus level (70% identity). Of the supernatant interactions
between members of the same phagotype (or subset phago-
types), 1/223 (0.45%) were plaquing compared to 448/2025 (22%)
of all interactions. This protection was very broad; even when
phagotypes were determined using SIPs clustered at 50%
nucleotide identity, only 4/364 (1.1%) of relevant interactions
were plaquing (Supplementary Table S5). The distinct, antagonis-
tic phagotypes generated upon prophage infection thus appear to
hold across evolutionarily diverged prophages, suggestive of a
role in the evolutionary divergence of their bacterial hosts as well.

High levels of prophage induction observed in planta
As many Erwinia strains produced high levels of SIPs in vitro, we
investigated whether this could also occur in planta. Using the SIP-
producing strain E. aphidicola B01_5, we inoculated the first leaf of
12-day-old wheat seedlings with washed overnight cultures of
B01_5. As a control, the cell-free supernatant of the washed
culture was inoculated on separate seedlings.

Fig. 3 Comparison of VIP-Seq quantification with plaque- and epifluorescent microscopy counts. A Comparison of phage titres for E. coli
virulent phage T4, E. aphidicola strain B01_5 SIPs, E. sp strain W01_1 SIPs, and P. trivialis strain W02_4 SIPs. Prophage titres were measured using
VIP-Seq, epifluorescence microscopy, and plaque counts using susceptible strains B01.10 (for B01.5 SIPs), and B01.5 (for W01.1 SIPs).
W02_4 supernatant did not plaque on any tested strains. For VIP-Seq, supernatant from B01_5, W01_1, and W02_4 was concentrated using
Amicon filters prior to DNA extraction, unlike the higher-titre T4 stock. Each error bar represents the standard deviation of three technical
replicates. B−D Read coverage plots for VIP-Seq libraries built on untreated overnight cultures for B01_5, W01_1, and W02_4 respectively.
Prophage regions were enlarged and collated for B01_5 and W01_1 (preserving relative scale), while the whole genome is shown in W02_4.
Prophages Glittertind_A and Romsdalseggen_A are boxed in red, indicating they are the plaquing SIPs enumerated in (A).
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Next, CFU and PFU (utilising that B01_5 SIP Glittertind_A
plaques on B01.10) from both treatment and control were
monitored over five days (Fig. 5, Supplementary Table S7). While
the PFU of the cell-free control fell below the detection limit by
day two, the PFU of the B01_5 treatment stayed relatively stable
throughout all five days (Fig. 5B). In fact, a statistically significant
increase in PFU was even observed between day 0 and 3 (p= 0.04,
Kruskal-Wallis rank sum test) before falling by day five. This
relative stability in PFU contrasted with the CFU count of the
B01_5 count, which fell almost three logs between days zero and
five. As a result of these contrasting trends, the PFU/CFU ratio of
the B01_5 treatment varied significantly over the course of the
time series. Although the PFU/CFU starts well below the in vitro
overnight culture PFU/CFU ratio (4.7*10-3), by day three it had
climbed to >500x the in vitro ratio (Fig. 5C), demonstrating very
high induction rates in planta.

Comparing active prophages to bioinformatic predictions
suggests possible IS-mediated prophage inactivation
We then compared the 120 identified SIPs to PHASTER and
VIBRANT-predicted bioinformatic predictions (Supplementary
Table S8).
Checking whether the tools correctly predicted the VIP-Seq-

identified SIPs, we found VIBRANT predicted 117/120 (0.98) and
PHASTER predicting 109/120 (0.91) (Fig. 6A). The putative phage
satellite Kalvehoegda_A was predicted by neither PHASTER nor
VIBRANT. Both tools also had relatively low nucleotide precision as
they often flanked the VIP-Seq verified prophages with extraneous
host DNA. These differences were apparent even when only
considering high-confidence prophage predictions, as the distribu-
tion of genome size and relative GC content are different from that
of experimentally active prophages (Fig. 6B, C). Especially prominent

are the very long prophage genome lengths from VIBRANT, partly
due to the merging of several pairs of prophages situated closely
together (i.e., B01.5 prophages Glittertind_A and Skarstind_A,
Fig. 3B) as single prophage predictions.
Beyond predicting >90% of the SIPs, PHASTER and VIBRANT

also predicted many prophages not observed as SIPs (Fig. 6D).
To explore whether these predictions may constitute viable
prophages, we focused on the largest subset of predictions;
PHASTER-predicted prophages of the 40 E. aphidicola genomes.
These 408 prophage predictions were annotated as before,
followed by manual curation to identify all structural phage
genes (i.e., tail proteins, capsid proteins). Next, all putative
insertion sequence (IS) transposases were annotated by running
Prokka and flagging every match to the ISfinder database [64].
Finally, each prediction was labelled spontaneously active/
inactive based on VIP-Seq data.
Surprisingly, half (53%) of the PHASTER predictions completely

lack structural gene annotations and are thus unlikely to be viable
prophages; indeed, none of these predictions were SIPs (Fig. 6E,
Supplementary Table S9). Furthermore, only 2/79 (2.5%) predic-
tions with both structural and IS annotations were SIPs. Inspection
of these two outliers revealed that the IS elements were outside
the VIP-Seq verified prophage regions and were merely artefacts
of inaccurate PHASTER predictions. Since transposable phages
(such as bacteriophage Mu [65]) will contain transposases that
may be annotated as IS elements, we also ran BLASTN on these 79
predictions against a database of 18,449 transposable phages [66],
but no hits exceeded 10% query alignment.
In contrast to the inactivity of predicted prophages with IS

elements, 77/114 (68%) of PHASTER predictions with structural
genes and no IS annotations were SIPs. Intriguingly, these results
suggest that while structural genes are a necessary condition

Fig. 4 Erwinia supernatant plaque assay. A Heatmap showing results of the 45 × 45 Erwinia supernatant plaque assay, with supernatant host
range is shown on the vertical, while host susceptibilities are shown on the horizontal. Barplots displaying cumulative host range/
susceptibility show adjacent to respective axes. B Plaque assay of the 45 Erwinia supernatants upon a lawn of E. aphidicola N2.3, demonstrating
widespread susceptibility and a variety of plaque morphologies. Image cropped for clarity.
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of prophage viability, IS elements may be strong indicators of
prophage inactivation/domestication. Assuming these 114 PHA-
STER predictions represent the pool of potentially viable
prophages in the E. aphidicola strains, 77/114 were detected as
SIPs using VIP-Seq. However, this is not a conclusive result as we
have only identified spontaneously induced prophages, and some
predicted prophages with IS elements may be induced non-
spontaneously, or induced at rates undetectable to VIP-Seq.

DISCUSSION
Too influential to be overlooked, the prophages harboured within
most bacteria expertly manipulate their hosts, and investigating
their dynamics will help us better understand interactions within
microbial communities. In this study, we isolated and sequenced a
strain collection from wheat flag leaves grown in a single field and
investigated the activity of their prophages. We also introduced
and validated VIP-Seq, a novel method to precisely identify and
quantify spontaneously induced prophages in bacterial isolates,
discovering plentiful and active prophages engaged in intraspe-
cies bacterial warfare and diversification.

Many phyllosphere prophages from the investigated strains
were spontaneously highly induced, with titres up to 3*108 vir-
ions/mL. This is the second-highest spontaneous induction titre
ever recorded (a Salmonella prophage was recorded at 109 PFU/
mL) [16], although methodologies differ. We also demonstrate
very high rates of prophage induction can occur in planta, vastly
exceeding the PFU/CFU ratio observed in vitro. Some prophage
induction may also have occurred during the 30min wash step,
but this cannot explain the large increase in the PFU/CFU ratio as
all samples were subjected to the same treatment. Although these
extreme rates of induction may also be an artefact of stress
provoked by inoculation at unnaturally high bacterial titres, they
are in line with previous work demonstrating phyllosphere
transduction in a P. aeruginosa lysogen [67]. As stress will also
occur in natural settings, these results certainly show prophage
induction can occur in planta.
This prophage induction is of significant ecological importance,

as we discovered prophage-mediated bacterial warfare exhibited
by widespread cross-plaquing between rival Erwinia strains.
Spontaneously active prophages provided their hosts with broad
resistance to rival phages, with additional anti-phage defence

Fig. 5 In planta SIP production from E. aphidicola strain. A 12-day-old wheat seedling with the first leaf labelled FL. B CFU and PFU of two
treatments inoculated on the first leaf of 12-day-old Heerup seedlings. The first treatment (B01_5) is E. aphidicola strain B01_5 washed twice in
PBS buffer, while the second treatment (control) is the cell-free supernatant of washed B01_5. Leaves were washed in SM buffer, and colonies
counted on Pseudomonas selection agar, while plaques were counted using soft-agar overlays with susceptible strain B01_10 as host. Each
data point is the mean of four biological replicates, with error bars representing max/min values. The detection limit for the mean of four
biological replicates is 1.5 PFU or CFU / leaf (denoted by black dotted line), with datapoints below this artificially set at 1.3 for clarity. C The
ratio PFU/CFU for the B01_5 cell treatment, along with the recorded in vitro PFU/CFU ratio denoted by the blue dotted line. Orange line
connects the mean of each data point, while all data points are shown as black dots.
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systems also present. The E. aphidicola genomes all had I-F CRISPR-
Cas systems with spacers targeting rival SIPs, although most also
had auto-immune spacers targeting their own SIPs, previously
shown to be a common feature of type I-F systems [41]. It was
however surprising to find such extensive prophage-mediated
bacterial antagonism in strains isolated from leaves grown in the
same field. This type of dynamic is not caught by traditional
metagenomics studies and suggests prophage-mediated bacterial
microdiversity may be more impactful than previously thought.
Indeed, prophages contributed most of the genetic diversity in
E. aphidicola isolates and appeared to engage in transduction,
potentially enabling horizontal transfer of host genes. The lack of
genetic diversity outside prophage regions itself likely aided the
broad host range of many Erwinia prophages. An intriguing
hypothesis arises from all this, wherein Erwinia prophages fragment
their phyllosphere hosts into antagonistic “phagotypes” sent on
divergent evolutionary trajectories. In contrast however, the
Pseudomonas strains harboured fewer prophages with lower
spontaneous induction rates, fewer predicted anti-phage defence
systems, and no observed supernatant plaquing. Although some of
this may be an artefact of a smaller sample size, phylogenetic
differences in (predicted) prophage content is known to occur [3],
and it seems possible that temperate phages play a smaller role in
Pseudomonas than in Erwinia.
We also found many additional bioinformatically predicted

prophages were not spontaneously active, with IS transposases
strongly correlated with inactivity. Previous studies have shown
domesticated prophages are widespread [2, 68], with our results

suggesting IS insertion may be an important cause of prophage
unviability. This expands upon indications of IS-mediated proph-
age domestication in a study of eight E. coli genomes where IS
elements were found in predicted prophage regions [69], with
several other examples also known [70, 71].
Building on existing read-mapping tools [32, 33], VIP-Seq’s

combination of high sensitivity and quantification of all simulta-
neously induced prophages sets it apart. We also compared VIP-Seq
quantification to EPI and PFU counts. When quantifying a highly
efficient phage-host pair (such as T4 and E. coli MG1655), PFU
counts will provide a very accurate titre. When efficient pairings are
not available however, untargeted approaches provide better
estimates. Although VIP-Seq moderately underestimated titres
compared to EPI in all samples due to DNA loss, EPI will also count
other fluorescent particles present in a spent bacterial supernatant
[62]. This becomes significant when the SIP titre is low and may
explain the high EPI count of the W02_4 supernatant, where both
other methods measured no SIPs.
However, this type of read-mapping approach may struggle to

identify precise boundaries of transducible phages, PBSX-like gene
transfer agents, and other forms of encapsulated gene transfer [33].
This is perhaps why precise boundaries were not found for two
spontaneously induced prophages and two mitomycin C-induced
prophages. Furthermore, we almost certainly did not detect all
viable prophages; even with a sensitive detection limit, there is no
single induction trigger for all prophages. Using mitomycin C we
discovered two additional inducible prophages, but this was not an
exhaustive search, and the number of potential induction triggers is

Fig. 6 Bioinformatical analysis of SIPs. A Performance of PHASTER and VIBRANT prophage predictions relative to the 120 SIPs discovered
using VIP-Seq. Performance metrics detailed in Section 2.6. B Distribution of prophage region size for high-quality prophage predictions
compared to that of all SIPs. C Same as (B), but with prophage region GC content relative to that of the host bacterial strain. D Bar plot
showing the number of prophage predictions observed to be spontaneously active for each of PHASTER and VIBRANT’s confidence
predictions (labels masked “High”, “Mid”, and “Low” in order of prediction confidence). E Sankey diagram illustrating the composition of
PHASTER prophage predictions from the 40 E. aphidicola genomes.
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immense. Read-mapping approaches like VIP-Seq are powerful and
versatile tools for investigating prophage activity and will aid further
investigation into the dynamics of prophages.
The impact of prophage activity in agriculture is potentially

great. Although temperate phages are generally considered
unsuited for biocontrol due to their tendency to integrate as
prophages [10], we find many phyllosphere prophages are already
engaged in bacterial warfare. These results also underscore the
importance of prophages in designing beneficial microbial
SynComs [21]. Although seldom considered in this context, many
SynCom members are likely to contain active prophages. Some of
these may kill pathogenic strains and promote the establishment
of beneficial communities, while others may eliminate desirable
plant-beneficial bacteria or spread harmful genes. Regardless, they
should not be ignored. Linking traditional phage-based biocontrol
with traditional bacteria-based SynComs, prophages represent a
potential toolbox for the next generation of plant microbiome
engineering and sustainable agriculture.
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