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SUMMARY

Prophages constitute a substantial portion of bacterial genomes, yet their effects on hosts remain poorly un-
derstood. We examine the abundance, distribution, and activity of prophages in Bacillus subtilis using
computational and laboratory analyses. Genome sequences from the NCBI database and riverbank soil iso-
lates reveal prophages primarily related to mobile genetic elements in laboratory strains. Distinct and previ-
ously unknown prophages in local isolates prompt an investigation into factors shaping prophage presence,
with phylogenetic relatedness predicting the prophage repertoire slightly better than geographical origin.
Data also show that prophages exhibit strong co-occurrence and exclusion patterns within genomes. Lab-
oratory experiments indicate that most predicted prophages are cryptic, as they are not induced under
DNA-damaging conditions. Importantly, stress responses increase with the number of predicted prophages,
suggesting their influence on host physiology. This study highlights the diversity, integration patterns, and
potential roles of prophages in B. subtilis, shedding light on bacterial genome evolution and phage-host dy-

namics.

INTRODUCTION

Bacteriophages (phages) are the most widespread biological
agents on planet Earth." They not only act as bacterial predators
but can also profoundly impact host bacteria when integrated
into their genome. During lysogeny, the host genome integrates
phage elements, called prophages, that can influence a wide
array of bacterial traits, such as virulence,”® dormancy,” interfer-
ence with neighbors,® resistance to lytic phages,® metabolic
pathways,”® and cell-cell communication.®"'" A phenomenon
where bacterium acquires a new trait due to the presence of a
prophage is known as lysogenic conversion.'? Importantly,
once lysogenized, a bacterial cell may become resistant to sub-
sequent infections by other, similar phages, via so-called super-
infection exclusion.? The effects of prophage elements on their
bacterial hosts can further influence higher organisms colonized
by lysogenized bacteria, which can translate to global impact
phenomena such as disease outbreaks'®'* or mating patterns
in insects.'® Given the key role of prophages and their presence
in nearly 70% of all bacterial genomes,”'® it is important to un-
derstand the effects of particular prophage elements on their
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bacterial host, their global distribution, their potential for trans-
mission, and the factors controlling their abundance, transmis-
sion, and stability within host genomes.

The abundance of prophage-like elements differs across bac-
terial phyla, genera, and species,”'®'” as well as within spe-
cies.’®® The diversity of mobile genetic elements (MGEs),
including prophages, across different species hinders scientific
progress in understanding the broader ecological roles of pro-
phages. This is because most experimental studies, even for
well-established model species of medical, agricultural, or in-
dustrial significance, are typically conducted on just a few well-
characterized strains, such as Bacillus subtilis 168,°°?" Escher-
ichia coli K-12,%? and Pseudomonas aeruginosa PAO1.7°

Consequently, we mostly explore prophages and MGEs that
specifically occur in these laboratory strains, while the signifi-
cance and dynamics of these mobile elements are not recog-
nized in a broader ecological context.

B. subtilis is a versatile soil-dwelling bacterium capable of
thriving in a wide range of environments, including terrestrial and
aquatic environments, as well as in humans and other animals.
B. subtilis is widely used in the industrial production of enzymes
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Figure 1. Predicted prophage elements and
prophage integration hotspots in B. subtilis
(A) Histograms showing the distribution of pro-
phage elements in analyzed B. subtilis genomes,
where global-scale NCBI isolates (blue) and local
isolates (pink) are represented separately.
(B) Chromosomal prophage elements are plotted
according to integration position (x axis) and
. " genome size (y axis). Data obtained for NCBI
% . isolates are presented in blue, and data for local
F isolates are presented in pink. The filled histogram
| 'ﬁh’:- in gray depicts the distribution of prophage ele-
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and antibiotics,?* controlling plant diseases and promoting plant
growth,?® improving gut health,?*?® boosting immunity in mam-
mals,?® and promoting the overall wellness of humans and ani-
mals.®®>? B. subtilis species form highly resistant spores that
can withstand exposure to UV, heat, desiccation, and lack of nu-
trients.>® Furthermore, B. subtilis can travel via air over long dis-
tances through dust storms.***° Despite global mixing, a recent
study revealed that the relatedness of the B. subtilis strains is
driven by habitat heterogeneity and sustained at different spatial
scales within the environment.*® Niche-driven diversification
seems to be faster than the rate of dispersal, but how habitat-
driven diversification affects the acquisition dynamics and evolu-
tion of the phage arsenal is unknown.

As a member of the Bacillota (previously Firmicutes) phylum,
B. subtilis is known to be rich in prophage elements.'” Recent
experimental studies demonstrated the impacts of these ele-
ments on intraspecific competition,>*” dormancy,” surface colo-
nization,*® and genome stability.>”*? It was also shown that lytic
cycle induction of certain prophages can be inhibited by other
MGEs, such as conjugative plasmids,*® and that the presence
of such inhibitory plasmids can correlate with reduced genetic
diversity within prophage group.®® Furthermore, prophages
and defective phage plasmids of this species impair the genetic
competence of B. subtilis.*'*** The above findings suggest that
prophage elements play an important role in host adaptation
and that the presence of certain MGEs may influence the stability
of prophages within host genomes. However, only a small num-
ber of B. subtilis temperate phages and prophage-like elements
have been described and experimentally characterized, and
those examined have been mostly derived from laboratory
strains.>**>%* As a result, we know very little about the general
abundance, phage activity, and ecological relevance of already
described temperate phages or the presence, diversity, and
ecology of other, unrelated prophages in non-domesticated iso-
lates. Furthermore, the influence of its environmental niche on
the phage repertoire of B. subtilis strains remains unknown.

This work investigated prophages and prophage-like ele-
ments within B. subtilis strains at global (publicly available
genome sequence databases) and local (our collection of soil
isolates) geographical scales. We confirm that B. subtilis species
are rich in prophage elements and that these elements integrate
into a few specific genomic hotspots. Based on encoded protein
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similarity, we clustered prophages of B. subtilis into dozens of
groups, some globally distributed and others restricted to local
geographical areas. We also demonstrate clear positive or
antagonistic interactions in terms of genomic co-occurrence be-
tween certain prophage elements that likely drive their diversifi-
cation. As isolates from global and local scales showed similar
levels of prophage diversity, we experimentally tested the poten-
tial of prophages from our local B. subtilis strain library for hori-
zontal transmission. Only a minority of prophages could be acti-
vated with a common inducing agent. Our work highlights the
ecological dynamics of prophage elements within a bacterial
species based on public genome sequence database informa-
tion and a locally collected isolate library, with insights into the
genetic interactions (coexistence, exclusion) between MGEs
within host genomes.

RESULTS

B. subtilis species are rich in prophages mainly located
in nine integration hotspots

We predicted prophages in a large set of B. subtilis genomes,
including all 191 complete genomes available on NCBI (hereafter
referred to as global-scale isolates) and 40 in a recently
sequenced isolate library from a defined 1 cm?® soil sample
from the Sava riverbank,* referred to as local isolates. It is
important to note that functional categories assigned by the pre-
diction software were considered unreliable and hence ignored,
and some of the predicted elements may be cryptic. However,
for simplification, we will refer to all predicted prophage-like ele-
ments as prophages thorough this manuscript. Collectively,
these genomes contained 1,243 prophages (Data S2), and
although each genome contained at least one prophage
element, most strains carried up to four prophages. Genomes
from local-scale strains had a slightly different distribution of pre-
dicted prophages, with the mode shifted toward a higher
average number of prophages (five) per genome but with up to
a maximum of eight (Figure 1A). Among global-scale strains,
35 carried 10 or more prophages (Figure 1A). Next, we mapped
the predicted prophages on a graph according to their integra-
tion position in the host chromosome, revealing the presence
of at least nine prophage-integration hotspots distributed across
the chromosome. The integration hotspots nearly overlapped
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between local- and global-scale isolates (Figure 1B; Data S2).
The abundance of prophage elements varied among the identi-
fied hotspots, with the highest abundance of prophages at hot-
spots near the replication terminus and the lowest abundance
close to the origin of replication (Figure 1B). Moreover, the sizes
of prophage elements differed depending on their respective
integration position. For example, relatively small prophages
(averaging 14.6 + 2.8 kb) were predominantly found at position
~4 Mb, while two hotspots around position ~2 Mb exhibited a
bimodal distribution of prophage sizes (Figure 1B), with a distinct
group of large prophages exceeding 120 kb (Figure 1B; Data S2).

Most prophages are associated with known B. subtilis
phages or MGEs, but two prophage groups are unique to
local-geographical-scale isolates

Based on total prophage numbers, fragment sizes, and integration
sites, broad phylogenetic diversity of prophage elements was ex-
pected, which led us to use vContact2*® to build a local phylogeny
for our phage collection. This network derived from vContact2 was
subjected to clustering using clusterONE, resulting in 62 clusters
(Data S2 and S3), which were subsequently used as vContact2-
derived viral operational taxonomic units (vOTUs) in downstream
analysis. To determine the taxonomy of the predicted prophages,
we used discontinuous mega-BLAST to match them to the
INPHARED phage database”’ of confirmed active phages, which
we supplemented with sequences of previously described MGEs
within B. subtilis 168 (see STAR Methods). Finally, prophages
from vOTUs that did not have a match within the aforementioned
references were additionally compared against the genome of
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Figure 2. Clustering of predicted prophage
elements

— (A) Prophages colored according to clustering.
Reference phages or known mobile genetic ele-
P ments (MGEs) are depicted as rounded squares,
© Riverbank . .
with each color representing one phage cluster.
Node Fill Color Prophages found within genomes available from
I Prophage 5 the NCBI are shown as diamonds, while pro-
[ Prophage 6 i i
[ pBS32 phages from riverbank soil local-scale samples
{_] "Gr:::: are shown as circles. The main phage clusters are
= 'YCEB:‘ depicted in the colored rectangles shown next to
fong
1 PBSX the clusters.
= e (B) Distribution of predicted prophage elements
I skin according to reference matching via nucleotide
[| SPbeta
1 Nomatch BLAST.

(C) Distribution of predicted prophage elements
according to their predicted function, based on
similarity to active phages, other MGEs, and
known B. subtilis 168 chromosomal regions.
Phages were classified according to the known
function of their reference match. In addition,
phages matching B. subtilis 168 non-MGE chro-
mosomal regions with >30% coverage and >88%
identity were classified as likely cryptic. Pro-
phages with lower coverage (<30%) or with no
match to references were classified as unknown.

Likely cryptic
prophage

) Possibly active
' __— prophage

Gene transfer
agent

B. subtilis 168 without MGEs (see STAR
Methods) to check for matches to anno-
tated B. subtilis chromosomal regions
that are not functional prophages. This approach allowed us to
classify most of the predicted prophages according to their relat-
edness to known functional phages or previously described
B. subtilis MGEs as well as according to the predicted phage activ-
ity (Figures 2A—2C; Data S3).

The most prominent group of predicted prophages (n = 238)
was phylogenetically related to defective phage PBSX, followed
by prophages similar to cryptic prophage skin (n = 182), recently
isolated phage Yong1 (n = 116), and temperate phage SPB (n =
74; Figures 2A and 2B; Data S3). Other relatively abundant
groups were prophages with similarity to conjugative element
ICEBs1 (n = 56), previously described temperate phage phi105
(n=37), a cryptic prophage found on the pBS32 plasmid present
in B. subtilis 3610 (n = 21), or cryptic prophage elements 5
(n=17) and 6 (n = 7), which are also present in B. subtilis 168
(Figures 2A and 2B; Data S3). While PBSX, skin, ICEBs1, and
pBS32 clusters are distant from each other and from other vO-
TUs, clusters of SP, elements 5 and 6, phi105, and Yong1 are
genetically interconnected, which suggests a substantial sharing
of proteins between most phages with little phylogenetic conser-
vation (Figure 2A). In addition to taxonomy, the vContact2
network revealed substantial differences in proteome conserva-
tion between phage groups, with some groups (e.g., PBSX and
ICEBs1) being rather conserved and others (e.g., skin, Yong1,
phi105, and SPB) being more diverse, displaying lower similarity
within vOTUs and even grouped into several different vOTUs
(Data S3; Figure S1).

We also observed that prophage elements that clustered
together tended to reside in similar integration sites within

Cell Reports 44, 115197, January 28, 2025 3
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B. subtilis genomes (Figure S2). However, there were certain ex-
ceptions, where phages classified into different phylogenetic
groups were found at similar chromosomal locations (e.g.,
skin-, Yong1-, and phi105-related prophages). Prophages of
these three groups were among the less conserved in terms of
chromosomal position, as they were found in multiple different
chromosomal positions (Figure S2). Finally, we gained further in-
sights into larger clusters of completely unknown prophages, for
example, vOTU 8 that always seems to integrate near Yongi,
vOTU 0 that always integrates close to the origin of replication,
and vOTU 16 that may replace the skin element in certain ge-
nomes (Figure S2).

A minor portion of B. subtilis strains also carried plasmids, and
a minority of those also contained prophages, which clustered
into a few different vOTUs, entirely unrelated to all other phages
(Figure 2A). Finally, certain relatively large clusters were found
(e.g., vOTUs 8, 16, 0, and 40) that had no matches with known
phages or MGEs or matched poorly with B. subtilis 168 chromo-
somal regions. These were assigned as completely unknown
(Figures 2A-2C; Data S3). Based on similarity to references
and chromosomal regions, we classified ~23% of predicted pro-
phages as likely or possibly active, ~63% as cryptic, likely
cryptic, or other MGEs that are not functional phages, and
~15% as completely unknown (Figure 2C; Data S3).

Finally, we compared prophage clustering networks of data-
base (NCBI) and local-scale bacterial strains, specifically asking
whether there are any distinct prophage groups associated
solely with strains from local-scale samples. While the vast ma-
jority of prophage groups found among riverbank isolates were
represented also within global-scale isolates, we found groups
that were unique to local-scale isolates, specifically two plasmid
prophages assigned as outliers associated with the Bam35c
reference bacteriophage and a unique cluster of Yong1-related
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Figure 3. Relationship between phylogeny,
prophage cargo, and the country/isolation
source of B. subtilis strains

(A) From left to right: phylogenetic tree illustrating
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phages (VOTU 64) that were unique to local-scale isolates
(Figure 2A).

Specific host PCs are defined by distinct sets of
prophages

To better understand the connection between host phylogeny
and the similarity of prophage elements, a phylogenetic tree
based on all analyzed B. subtilis strains was constructed using
core gene alignment (see STAR Methods). B. subtilis strains
were clustered into seven phylogenetic clades (PCs), with the
local strains belonging to only two clades (PC1 and PC2), which
were also more closely related to each other than to other clades
(Figure 3).

Mapping prophage elements to the phylogeny of strains re-
vealed that phylogeny correlated with the presence of specific
prophage elements to a certain extent (Figure 3; see STAR
Methods). This was confirmed after we determined prophage
repertoire similarity scores within (0.96-0.915) and between
(0.955-0.893) the largest clades (Data S4; Figure 3; see STAR
Methods). For all except PC3, prophage repertoires were more
similar within clades than between clades when strains from all
four clades were included (Figure 3). Clade PC3 was rather
unique, as it was characterized by the highest diversity of pro-
phage elements (0.915) and by strains carrying a distinct set of
prophage elements compared to other strains (Figure 3). Inter-
estingly, PC3 strains were mostly missing the most abundant
prophage vOTU 5 (PBSX) and carried vOTU 6 (also PBSX)
instead. There was no obvious distinction in phage repertoire be-
tween clusters containing fewer strains (clusters PC5-PC7). It
was difficult to estimate the effect of local environment on the di-
versity of prophage repertoire among isolates, mostly because
local strains clustered into PC1 and PC2, which also exhibited
rather high similarity of prophages between clades (Figure 3).
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Figure 4. Map of prophage interactions and
characteristics considering their co-occur-
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(A) Prophage vOTU labels colored according to their
relationships with other vOTUs within a single
chromosome: dependee, prophages of other vO-
TUs tend to occur only when this vOTU is present;
depender, this vOTU occurs only in the presence of
another vOTU; always excludes, if this vOTU is
present, certain other vOTUs never occur; coupled
without dependence, tends to co-occur with
another vOTU; depender and dependese, its pres-
ence depends on a certain vOTU but also de-
termines the presence of another vOTU. Lines
connecting squares are colored according to in-
teractions: coupling (blue), exclusion (red), and
dependence (yellow).

(B) Graphic summary of alignments of all PBSX
genomes from vOTU 5 (colored red) and vOTU 6

(colored green) obtain by BLAST. Map of PBSX from B. subtilis 168 (GenBank: NC_000964.3) is shown above the alignment. The two regions that are commonly distinct
between vOTU 5 and vOTU 6 overlap with open reading frames of xkdO and xkdV of PBSX B. subtilis 168.

Nevertheless, within local strains, the prophage similarity score
(0.942) was lower than prophage similarity scores within PC1
(0.96) and PC2 (0.943), suggesting that phylogeny was a better
predictor of prophage repertoire than strain isolation site. This
was also in line with a rather random distribution of countries
and isolation sites across the phylogenetic tree (Figure 3).
Together, these results indicate that closely related strains
tend to carry similar prophages.

Both mutual inclusion and exclusion of prophages are
common within bacterial genomes

Next, we tested the hypothesis that prophage elements shape
the prophage repertoire of the host, for instance, by either pre-
venting or promoting acquisition of prophages. In particular,
this hypothesis was suggested by several unique prophage ele-
ments within PC3 (Figure 3) that seemed to co-occur within ge-
nomes belonging to this PC. Our analysis revealed both negative
and positive co-occurrence between predicted prophage ele-
ments (Figures 4 and S4; Data S1).

Among all vOTUs, roughly a third (21 of all 62 vOTUs) were
involved either in positive or negative co-occurrences with other
prophage elements within the host chromosome. From all types
of interdependencies detected, most vOTUs showed coupling
(statistically significant co-occurrence of both vOTUs within the
host chromosome), followed by dependence (where the pres-
ence of one vOTU depends on the presence of another, which
is not dependent on the first) and exclusion (where a certain
vOTU is never found in the presence of another vOTU), as shown
in Figure S4. Prophage elements that seemed to have the largest
effect on the overall prophage arsenal were PBSX vOTU 5, which
showed exclusion toward nine other vOTUs; PBSX vOTU 6,
which showed coupling with five vOTUs and determined the
presence of another three vOTUs; and phi105 vOTU 7 and
vOTU 0 and Yong1 vOTU 10, which also showed a significant
number of positive interactions (Figures 4 and S4; Data S1).

To delve deeper into the factors contributing to these correla-
tions, we focused on two groups of PBSX elements, vOTU 5 and
vOTU 6, which never co-occurred within the host chromosome

and which exerted a profound impact on the presence/absence
of other prophages (Figures 4 and S4). PBSX of vOTU 5, encom-
passing ~83% of all identified PBSX prophages, exhibited a
strong antagonistic relationship with PBSX in cluster 6 (consti-
tuting ~17%) and with phage phi105. Consequently, if an isolate
carried PBSX of cluster 5, it was highly unlikely to be lysogenic
for phi105 vOTU 7, Yong1 vOTU 10, or a few other unknown or
likely cryptic prophages. Conversely, PBSX of vOTU 6 displayed
a strong positive correlation with these prophage elements (Fig-
ures 4 and S4). Furthermore, we noticed coupling between
certain types of SP prophages and the skin element (Figures 4
and S4).

Given that PBSX of vOTU 5 is the most widespread prophage,
we hypothesized that protection from attack and lysogenization
by multiple other phages may select for its maintenance within
the species. An interesting observation for this prophage was
the existence of an alternative PBSX variant differing in the cell
wall hydrolase xkdO gene region and the end fragment of the hy-
pothetical protein-encoding gene xkdV (Figure 4B).

Overall, the results of prophage co-occurrence analysis clearly
show that the likelihood of the acquisition or loss of prophage el-
ements belonging to certain group (vOTUs) can be predicted
based on the presence or absence of other specific prophage

group.

Strains having more predicted prophages show a
stronger DNA damage response, but only some
prophages appear to be induced by a DNA-damaging
agent

Previous experimental data suggest that the majority of compu-
tationally predicted prophage elements are non-functional
temperate phages,*® meaning they are not capable of forming
phage particles and propagating via a lytic cycle. To challenge
bioinformatic prophage prediction with experimental data, we
tested 40 local isolates from the soil microscale for spontaneous
or stress-induced release of active phage particles using mito-
mycin C. We found that prophages could be induced in 6 of 40
B. subtilis strains (PS-11, PS-24, PS-25, PS-233, PS-237, and
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Figure 5. Screening for active prophages
within local-scale isolates

(A) Of 40 strains treated with mitomycin C, six
showed the presence of active phages in their
supernatants (PS-237, PS-261, PS-11, PS-233,
PS-24, and PS-25). Prophage elements predicted

within their genomes are schematically labeled on
circular graphs. Elements that were identified as
active by phage DNA sequencing are labeled in
red. Graphs underneath plaque images represent
growth curves with and without the addition of
mitomycin C (0.1 pg/mL). The results are the
means of six biological replicates, and error bars
represent + standard error of the mean. Error bars
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PS-261), producing titers in the range of 102-107/mL using
B. subtilis A6 (ASPB Askin APBSX Aprophage 1 pkscat Apro-
phage 3) as an indicator strain, and in 2 of these 6 strains, the in-
duction was spontaneous (without mitomycin C treatment), as
indicated by the presence of plaques on the lawn of the indicator
B. subtilis strain A6 (Figure 5A; Data S5).

Spontaneous induction rates were too low to determine active
prophages from sequencing coverage (Figure S5). Therefore,
phage DNA was extracted from post-induction lysates and sub-
jected to lllumina sequencing (see STAR Methods). The obtained
sequencing reads clearly mapped onto predicted prophage se-
quences within the genomes of PS strains: in the case of PS-24
and PS-25, reads mapped onto linear phage plasmids (vOTU
38); for PS-11, PS-233, and PS-261, they mapped onto SPB-re-
lated elements (vOTU 25 and vOTU 24, respectively); and for PS-
233, they distributed among Yong-related elements vOTU 13
and vOTU 64 (Figures 5A and S6; Data S5). As our previous anal-
ysis suggested a positive association between vOTU 13 and
vOTU 64 (Figure 4A), these data strongly suggest the co-depen-
dence of these two prophage elements and the assembly of a
composite phage.

Regardless of plaquing on the indicator strain, we also tested
how all 40 strains responded to the optimized concentration of
mitomycin C (0.1 pg/mL), which triggered strong biomass reduc-
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quartiles. Lines represent the median, and bars
span maximum to minimum values. All data points
are overlaid on boxes.

tion mainly in strains carrying active prophages (Figure S7). How-
ever, not all strains that carried predicted active phages also
showed strong biomass reduction in the presence of mitomycin
C (Figure 5B; Data S5), and vice versa. For example, strains PS-
18 and PS-96 showed strong biomass reduction but did not pro-
duce active phages (Figure S8). In theory, strains PS-18 and PS-
96 (and other strains that showed strong responses to mitomycin
C but did not plague) could release phages that are not specific
to the indicator strain. Nevertheless, there was no relationship
between host phylogeny and the detection of plaques on the in-
dicator strain (Figure 5B; Data S5), suggesting that a growth
response to mitomycin C does not always reflect the presence
of active prophages in the host genome.

Next, we compared the total number of predicted prophages
based on the strength of the response to mitomycin C (calcu-
lated as the reduction in biomass compared to untreated con-
trols; Figure 5C). Strains with more predicted prophages within
their genome were found to respond more strongly to mitomycin
C (Figure 5C; Data S5). These results indicate that although most
of the predicted prophage elements were no longer able to trans-
mit and replicate in a new bacterial host, they still triggered cell
lysis in response to DNA damage. The results also show that
vOTU membership cannot predict the activity of a prophage
element (e.g., the majority of strains carrying vOTU 25 did not
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show prophage activity) and that even elements with high induc-
tion rates can be restricted to only a minority of strains within the
microscale (e.g., prophages of vOTU 38). The results also sug-
gest that coupling detected between certain prophages within
a single host chromosome (Figure 4A) can be due to the assem-
bly of composite phages from two closely related and distantly
integrated prophages upon lytic cycle induction.

DISCUSSION

Here, we assessed prophage elements, their diversity, and po-
tential interactions within complete B. subtilis genomes available
on NCBI and within a collection of B. subtilis strains isolated from
1 cm?® of riverbank soil. Recently, prophage elements were as-
sessed in 194 B. subtilis genomes available on NCBI,*° where di-
versity analysis was limited to prophage elements categorized as
intact.*® In our approach, we ignored the functionality categories
assigned by the PHASTER software to remove many relevant
MGEs (such as gene transfer agents or plasmids with phage fea-
tures) from the analysis. A genomic comparison identified 55
distinct types of prophages with varying genome sizes, integra-
tion sites, and gene content, as well as several groups of pro-
phage elements with homology to temperate phi105.%° Our pro-
tein-based clustering analysis confirms these results, as well as
the presence of two groups of SPB-like phages.

We found that strains from local-geographical-scale samples
had a prophage frequency distribution distinct from that of
global isolates, with a higher mode value but a lack of extreme
cases with >8 prophage elements, which were relatively com-
mon among global isolates. We could also identify certain
groups of prophage elements that were solely found within
local-scale samples. Unique within-genome distribution com-
bined with unique prophage cargo of local-scale isolates may
suggest the rapid acquisition and spread of temperate phages
from and within local microbiomes, which also aligns with pre-
vious experimental studies.®® Our work also clearly demon-
strates barriers against phage transmission; even strains that
coexist within the local scale and are closely phylogenetically
related differ profoundly in the prophage repertoire they carry.
Moreover, even though some of these prophages showed
high potential for lytic cycle induction and horizontal transmis-
sion (like plasmid prophages present in strains PS-24 and PS-
25), they were restricted to only 2 of 40 isolates within the local
isolate library.

In both global and local isolates, the integration of prophage
elements was restricted to a few specific genomic hotspots,
with increasing numbers of integrated prophages close to the
replication terminus. This observation is in line with previous
work'® and seems to be a general cross-species phenomenon,
likely linked to transcriptional regulation and easier maintenance
of stable lysogeny in the chromosomal region where gene
expression (including lytic cycle genes) is lowest.”"

As most of the present knowledge about B. subtilis MGEs is
derived from laboratory strain B. subtilis 168 and its ancestor
strain, B. subtilis NCIB 3610, we attempted to group the pre-
dicted prophage elements according to their similarities to
MGEs residing in these strains. Our work confirmed the conser-
vation of defective prophage PBSX in all isolates of local and
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global scale. The second most abundant group included phage
elements that clustered with cryptic prophage skin, recently
characterized Bacillus phage Yong1, temperate phage SPB,
and functional temperate phage phi105. Meanwhile, within natu-
ral isolates, we found PBSX and skin that were identical to those
present in B. subtilis 168 but no strains carrying full-length Yong1
or phi105 in a prophage form. This may suggest a strong selec-
tion for the domestication of this temperate phage within the host
genome.>?

How and why PBSX is strictly maintained within B. subtilis is
unclear. Although it was successfully deleted from the
B. subtilis genome and classified as dispensable,*® its conserva-
tion within species implies a strong ecological advantage. It was
recently shown that PBSX is involved in extracellular vesicle for-
mation during stress-induced cell lysis, a process that depends
on expression of the PBSX endolysin gene.>* Previous studies
also suggest that PBSX may be constantly induced in a small
subpopulation of cells,>® which could potentially infer toxicity to-
ward PBSX-negative strains and cause a rapid vertical spread of
this element. Importantly, we show that PBSX exists in two taxo-
nomic subgroups, which are strictly exclusive toward each other
and where one strictly antagonizes phi105-related prophage el-
ements. This suggests that this dominant PBSX type could pro-
tect B. subtilis from other MGEs, like phi105, especially since the
latter was classified as a “naive" phage, entering the lytic cycle
during B. subtilis genetic competence development.** This
observation is also in line with previous reports on competition
between phages for intracellular resources during lytic induc-
tion®® and superinfection immunity encoded within prophage
elements.®’

In addition to the strict antagonism between the two sub-
groups of PBSX, we found a strict co-occurrence between
certain Yong 1 and phi105 “relatives,” as well as unknown and
cryptic prophage groups. It is likely that phi105 vOTU 7, vOTU
17 (cryptic), and vOTU 22 (cryptic) are remnants of a single pro-
phage because they have neighboring integration sites (att at 3.2
Mb). The fact that they always co-occur with distantly integrated
elements such as Yong1 vOTU 10 (att at 1.7 Mb) may indicate
that all three are needed for the maintenance of lysogeny and
host survival. Another possibility is molecular piracy, in which
one defective element cannot spread without the other helper
element®®—a hypothesis that is strongly supported by phage
DNA sequencing results, indicating that sequences from two to-
pologically distant prophage elements showing statistically sig-
nificant co-occurrence within a single chromosome (both related
to Yong1) can indeed assemble into a composite phage.

Interestingly, certain prophage elements that were abundant
among wild isolates clustered together with well-described
non-prophage regions of domesticated B. subtilis 168. For
example, elements clustered with conjugative element ICEBs1
were found in 54 strains spanning local- and global-scale iso-
lates. Although this element was previously shown to block lytic
cycle induction in SPB,>° we did not find any antagonism or sta-
tistically significant patterns of co-occurrence between these
two elements in B. subtilis genomes.

We also found that some prophage groups present in wild
strains partially or almost completely matched chromosomal re-
gions of B. subtilis 168. This may suggest either a misprediction
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by the software or the presence of prophage remnants in the lab
strain. Some of these regions, such as those encoding biosyn-
thetic gene clusters, deserve special attention, as in addition to
sublancin encoded by SP, other biosynthetic gene clusters
may also be transferred within prophage genomes. Finally, we
found that certain genomic regions of B. subtilis 168, proposed
to be prophage regions, had very few or no matches to the
collection of natural isolates (e.g., prophage element 1, 2, or 3),
strongly suggesting they are not part of functional prophages.

While very few B. subtilis strains carried plasmids, many of
these appear to carry prophage-like elements. We discovered
very potent functional phages on small linear plasmids within
PS-24 and PS-25 local-scale isolates. Further studies are
needed to better understand their role in bacteria and/or host
range. Our experimental data support recent findings*® showing
that despite the abundance of predicted prophage regions within
B. subtilis chromosomes, only a fraction are induced by mito-
mycin C. Importantly, it remains to be verified whether some of
these prophages, which we failed to induce with mitomycin C,
could still be inducible in the presence of other chemical or phys-
ical agents.”®®® Our work also shows that the most active
phages are not necessarily widespread within the local commu-
nity. Further studies are needed to determine whether the pres-
ence of plasmid prophages with a high spontaneous induction
rate may provide certain benefits to host bacteria. We also found
that not all prophage elements within the same vOTU were
inducible by mitomycin C. Further work is required to determine
whether there are consistent genomic differences between the
inducible and non-inducible variants or if there are notable vari-
ations in the prophage repertoires of their host strains. Although
B. subtilis is a model organism and an industrially relevant spe-
cies, knowledge of the natural diversity of its prophages remains
limited. Our study uncovers this diversity and novel interactions
between MGEs, as well as their level of conservation at the
global scale and their level of uniqueness at the local scale. To
what extent these elements drive interactions within the species
and adaptation to certain growth conditions, such as fermented
food, remains to be discovered. Our work opens multiple
possible directions for further experimental research on the mo-
lecular mechanisms of antagonistic and positive interactions be-
tween MGEs, as well as host range, transmission, and conver-
sion studies on active MGEs.

Limitations of the study

This study faced several limitations related to the bioinformatics
tools used and the experimental procedures. One of the primary
limitations is the reliance on PHASTER, which uses an internal
database of known phages and phage genes. This tool, while
useful, has inherent limitations in both sensitivity and specificity.
The PHASTER database, last updated in December 2020, may
be incomplete, which could result in missed detections. Further-
more, PHASTER may generate false positives, particularly if it re-
lies on conserved regions of known phages, leading to an over-
estimation of prophage elements. The study also employed the
INPHARED database, which depends on dc-megaBLAST for de-
tecting active phages. This approach introduces a bias toward
well-characterized phages, potentially missing less-studied or
novel phages (false negatives) or detecting false positives by
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matching only highly conserved regions. Additionally, the
INPHARED database is skewed toward lytic phages, represent-
ing 70% of its entries, which may limit the detection of other pro-
phage types. Another limitation stems from the use of incom-
plete or inconsistent bacterial genome metadata, which can
hinder the accurate classification and ecological distribution of
prophages. Despite efforts to eliminate low-quality genomes, er-
rors in the assembly of highly mosaic prophage regions could
impact prophage detection and classification. The varying accu-
racy of sequencing technologies further complicates this issue,
as differences in base calling could lead to incorrect assembly
of prophage regions. In the experimental section, the use of
mitomycin C as the sole prophage induction agent may have
underestimated the number of inducible phages. Some pro-
phages may have formed particles without producing detectable
plaques. Moreover, the reliance on lllumina sequencing rather
than long-read technologies limits the precision of active pro-
phage identification. Therefore, we cannot be certain about the
prophages in strain PS-237, where sequencing reads mapped
to two prophages in the genome. Future work should incorporate
long-read sequencing methods and more comprehensive data-
bases to improve the accuracy of prophage detection.
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KEY RESOURCES TABLE

REAGENT or RESOURCE SOURCE IDENTIFIER
Bacterial and virus strains

B. subtilis A6 Westers et al.”® CP015975.1
PS-11 Stefanic et al.*® SAMNO08637079
PS-13 Stefanic et al.*® SAMNO08637080
PS-15 Stefanic et al.*® SAMNO08637081
PS-18 Stefanié et al.*® SAMNO08637082
PS-20 Stefanic et al.*® SAMNO08637083
PS-24 Stefanic et al.*® SAMNO08637084
PS-25 Stefanic et al.*® SAMN08637085
PS-31 Stefanic et al.*® SAMNO08637086
PS-52 Stefanic et al.*® SAMNO08637087
PS-53 Stefanic et al.*® SAMNO08637088
PS-65 Stefanic et al.*® SAMNO08637089
PS-68 Stefanic et al.*® SAMNO08637090
PS-108 Stefanié et al.*® SAMN08637091
PS-160 Stefanic et al.*® SAMN08637092
PS-196 Stefanic et al.*® SAMNO08637093
PS-209 Stefanic et al.*® SAMNO8637094
PS-210 Stefanic et al.*® SAMNO08637095
PS-216 Stefanic et al.*® SAMNO08637096
PS-217 Stefanic et al.*® SAMNO08637097
PS-218 Stefanic et al.*® SAMNO08637098
PS-261 Stefanié et al.*® SAMNO08637099
PS-14 Stefanic et al.*® SAMN36922878
PS-30 Stefanic et al.*® SAMN36922879
PS-51 Stefanic et al.*® SAMN36922880
PS-54 This work* SAMN36922881
PS-55 Stefanic et al.*® SAMN36922882
PS-64 Stefanic et al.*® SAMN36922883
PS-93 Stefanic et al.*® SAMN36922884
PS-95 Stefanic et al.*® SAMN36922885
PS-96 Stefanic et al.*® SAMN36922886
PS-109 Stefanic et al.*® SAMN36922887
PS-119 Stefanic et al.*® SAMN36922888
PS-130 Stefanic et al.*® SAMN36922889
PS-131 Stefanic et al.*® SAMN36922890
PS-149 Stefanic et al.*® SAMN36922891
PS-168 Stefanic et al.*® SAMN36922892
PS-194 Stefanic et al.*® SAMN36922893
PS-233 Stefanic et al.*® SAMN36922894
PS-237 Stefanic et al.*® SAMN36922895
PS-263 Stefanic et al.*® SAMN36922896
Chemicals, peptides, and recombinant proteins

Mitomycin C Apollo Scientific, United Kingdom CAS 50-07-7
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Continued
REAGENT or RESOURCE SOURCE IDENTIFIER
PEG-8000 Merck & Co., Inc, New Jersey, USA CAS 25322-68-3

Critical commercial assays

Genomic Mini AX Phage kit
MiSeq Reagent Kit v2
NEBNext®Ultra™ Il DNA Library Prep Kit

A&A Biotechnology, Poland
lllumina, Inc., California, USA

New England Biolabs, Inc.,
Massachusetts, USA

011-20
MS-102-2001
E7645S

Deposited data

Bacillus subtilis prophages_clustered to vOTUs This work [Zenodo]: [10.5281/zenodo.13834859]
Bacillus subtilis genome sequencing and assembly This work [SRA]: [PRINA437002]
Phage genome sequencing data This work [SRA]: [PRINA1187528]
Software and algorithms
Unicycler v0.5.0 (on Galaxy platform) Wick et al.® -
Wick et al.®

Snapgene
Phaster

vContact2 v0.11.3

Prodigal v2.6.3
ClusterOne v1.0

Prokka v1.14.5

Roary v3.11.2

FastTree v3.2.1

Rv.4.3.3

Python v.3.10.12

Open cage Geocoding API
Bbcl2fastq v2.17.1.14

www.snapgene.com

Arndt et al.®®
Zhou et al.®*

Bin Jang et al.*®

Bolduc et al.®®

Hyatt et al.®

Nepusz et al.®”
Seemann et al.®®
Page et al.%°
Price et al.”
www.r-project.org
www.python.org
www.opencagedata.com/api

https://support.illumina.com/

sequencing/sequencing_software/
bcl2fastg-conversion-software.html

Geneious Prime v2024.0.2
BBMap v38.84 www.sourceforge.net/projects/bbmap/ -
MAFFT Katoh et al.” -

“this strain was previously misidentified, therefore originally a collection of 39 microscale isolates was published.® In this work the strain is included for
the first time.

www.geneious.com -

EXPERIMENTAL MODEL AND STUDY PARTICIPANT DETAILS

Bacillus subtilis, a Gram-positive bacterium, was used as a microbial model in this study. The strain utilized was a derivative of B.
subtilis 168, a widely studied laboratory strain, as well as set of natural B. subtilis isolates from microscale, obtained at Sava River-
bank (Slovenia). Cultures were maintained under standard laboratory conditions, with growth in LB medium at 37°C with constant
agitation. Institutional approval for microbial work was obtained, ensuring compliance with biosafety regulations. The influence of
sex or gender is not applicable to this study due to the nature of the microbial model.

METHOD DETAILS

Bacterial genomes

A dataset of B. subtilis genomes consisting of complete genome sequences available on NCBI (ftp://ftp.ncbi.nih.gov/genomes/
Bacteria/, last accessed March 2023) was used along with complete genomes of local soil microscale isolates (See below; Data
S1). Raw sequencing data for microscale isolates were obtained using various sequencing platforms including PacBio, Nanopore,
and lllumina (Nextera and Truseq PCR-free libraries) from single isolate DNA extracts. Detailed information about genome se-
quences, libraries, and platforms used for each strain can be found in the NCBI database under Bioproject accession number
PRJNA437002. Unicycler (accessed via Galaxy platform’?) was used to hybrid assemble genomes using short and long reads.®'+¢?
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NCBI genomes were carefully curated based on metadata, which specifically meant that laboratory strains and their derivatives were
excluded, while isolates with data for isolation sites and sources were retained. All genomes were oriented relative to B. subtilis 168
(AP011541.2), if necessary, using the ‘linearize’ function of SnapGene (www.snapgene.com). The final dataset contained 191 NCBI
genomes and 40 genomes of soil microscale isolates.

Identification of prophage-like elements and integration loci

Prophage coordinates in bacterial genomes were determined using the web-based Phaster tool.®*** Functional categories assigned
by the software (complete, questionable, incomplete) were ignored, and all predicted prophage elements were retrieved from bac-
terial genomes. Functional categories were ignored as we were interested in all prophage-like elements within bacterial genomes,
regardless of their activity/domestication level. As genome orientations were corrected prior to prophage extraction, prophage co-
ordinates were treated as integration loci. Prophages were retrieved from their parent genomes according to their coordinate using
biopython and used for further analysis. The pipeline allows to retrieve selected sequences from genomes in high throughput, using
sequence coordinates and genome files as an input. As references, a collection of sequences consisting of prophages and other
MGEs was individually retrieved from B. subtilis 168 (NC_000964) and contained the following: prophage elements 1—86,”® conjuga-
tive element ICEBs1,”* defective phage PBSX,"® skin element,”® SPg,”” and plasmid pBS32 (KF365913.1) known to carry a defective
prophage.’® In addition, phi105 (NC_048631.1) was added as a reference, since this is a known temperate phage targeting
B. subtilis.”® Finally, Bacillus phage Yong1 (OP918669.1) was added as a reference after initial analysis of a substantial number of
matches.

Classification of phages into virus operational taxonomic units (vOTUs) and into functional categories

All prophage elements predicted by Phaster (regardless of software-assigned functional category) were included in the classification.
In order to organize predicted prophages into clusters, vContact2 (v0.11.3)*%®° was used. In brief, prophage genes were predicted
with Prodigal (v2.6.3),°° translated into proteins, and these were used for reference-free phylogenetic clustering with vContact2,
which builds a network based on the number of shared proteins between phages. ClusterOne (v1.0.)°” was then used to infer clusters
of related phages based on this network. Reference sequences of selected MGEs of B. subtilis, as mentioned above, were manually
added to this set. These clusters were then considered as viral Operational Taxonomic Units (vOTUs) and used for further analysis.
Prophages not confidently assigned to a vOTUs where categorized as either Outliers or Singletons: Outliers have too few shared
genes to be part of avOTU, whereas Singletons are unique and have no similarity to any other clusters. Due to their sparsity, members
of each group were collapsed into either Outlier or Singletons for analysis. The entire dataset of prophage sequences grouped into
vOTUs is available at Zenodo platform: https://zenodo.org/records/13834859, To further examine the taxonomy of these phages,
each phage was aligned to a database of known phages. Here, we used discontiguous megablast (dc-megablast) to match them
to the INPHARED phage database*’ of confirmed active phages, allowing for large gaps, which was necessary due to the high level
of phage recombination. We considered a phage to match a reference if the coverage of the phage was at least 50% at >70% iden-
tity. Prophages from vOTUs that did not have a match within reference sequences were additionally blasted against the B. subtilis 168
genome without MGE sequences to check for potential matches to annotated B. subtilis chromosomal regions that do not carry func-
tional prophages. To predict the functional categories of prophage groups (vOTUs), we used a combination of sequence coverage/
similarity of experimentally proven active phages and of B. subtilis host chromosomal regions. Specifically, vOTUs sequences were
compared with 1) the entire NCBI database, 2) the B. subtilis 168 genome [NC_000964.3] and 3) the B. subtilis 168 genome with ar-
tificially removed MGE (mobile genetic element) regions. Then, vOTUs were classified based on the following criteria: likely active
prophages - if the majority of sequences within a vOTU matched functional reference phages that had been isolated as phage par-
ticles, and showed no, or limited coverage or similarity with host chromosomal regions; possibly active prophages - if a minority of
sequences within a vOTU matched functional reference phages, or if the majority matched functional phages but had more than 50%
coverage overlap with non-MGE B. subtilis chromosomal regions; prophages with known MGE functions - if the majority of se-
quences within vOTU matched known MGEs within B. subtilis, their functionality was inferred based on the known functions of those
MGEs; likely cryptic prophages - if majority of sequecnes within vOTU had more than 30% coverage and over 88% identity to non-
MGE chromosomal regions of Bacillus subtilis 168; unknown - if no matching reference was found and the prophages had less than
30% coverage with non-MGE chromosomal regions of B. subtilis 168. Outliers and singletons were excluded from this analysis.

Host phylogeny and prophage repertoire similarity scores

All bacterial host genomes were phylogenetically evaluated using pan-genome analysis. Specifically, bacterial genomes were anno-
tated with PROKKA (v1.14.5)%® using the B. subtillis 168 annotation as a reference, and the resulting annotations were used to build a
core genome using ROARY (v3.11.2)°° by considering genes to be core if they had >95% protein similarity in >99% of genomes. The
resulting core gene set was then aligned with MAFFT and then used to construct a maximum likelihood phylogenetic tree with
FastTree (v3.2.1)"° using the generalized time reversible (GTR) substitution rate model. Phylogenetic clusters containing more
than five B. subtilis subspecies subtilis strains were determined arbitrarily. Prophage repertoire similarity scores were calculated us-
ing a descriptive, rule-based scoring system. Specifically, a selected group of strains (e.g., members of the same phylogenetic clus-
ter) was assessed for similarity in the presence or absence of prophages from each of 56 vOTUs, one by one, using a majority rule. If
the prophage from a given vOTU was present in the majority of strains, the number of lysogens (strains carrying the prophage) was
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counted. Conversely, if the prophage was present in the minority, the number of non-lysogens (strains without the prophage) was
counted. This approach allowed the strains to score high in similarity either by consistently carrying or not carrying a given prophage.
Next, the proportion of lysogens (or non-lysogens) was calculated by dividing their number by the total number of strains in the group,
yielding the percentage of strains with (or without) the prophage of interest. A higher value indicated greater similarity among the
strains with respect to the given prophage. This process was repeated for prophages from all vOTUs, and the results were averaged
across all vOTUs to produce the overall prophage repertoire similarity score.

Ecological distribution

Information on strain geography and habitat was derived from NCBI metadata. Furthermore, isolation sites were limited to include the
most abundant geographical locations (Data S2), and isolation habitats were divided into five main categories: soil/plant, food, waste/
feces, water, and others. Host prophage cargo and isolation habitats of hosts were mapped onto a phylogenetic tree using R (v.4.3.3).
The locations of strain isolation were mapped onto the world map using Python 3.10.12 and Open cage Geocoding API (Figure S9).
Briefly, global strains were isolated from North America, Africa, Europe, and Asia. Local strains were isolated from two 1 cm?® soil
samples from the riverbank of Sava river in Slovenia®*® and have been previously described and phenotypically analyzed.36:45:80:81

Correlations and anticorrelations between the presence of prophage elements within a single host genome

To investigate if some phages are mutually exclusive/inclusive within the same genome, we noted the presence of each vOTU, as
defined above, within each host genome, resulting in a binary presence/absence matrix. Logistic regression was then performed
to statistically test whether or not vOTUs co-occurred within genomes (i.e., which vOTUs were mutually inclusive or conversely,
mutually exclusive). In more detail, we here fit a logistic equation describing the relationship among pairs of prophages, i.e., the prob-
ability of a given vOTU being present in genome as a function of the presence of another vOTU, which is then tested using ANOVA
with a c? distribution. A positive B then denotes an association between the two vOTUs, and vice versa, both of which can be turned
into a odds-ratios by natural exponentiation.

Prophage induction and plaque assay

Bacterial strains were routinely cultivated in LB broth (LB-Lennox, Carl Roth; 10 g/L tryptone, 5 g/L yeast extract, 5 g/L NaCl). To
assess phage activity in culture spent media, overnight cultures were initiated from —80°C glycerol stocks and cultivated overnight
at 37°C with shaking at 200 rpm for ~16 h. Cultures were transferred to fresh LB medium at 1% inoculum and further cultivated at
37°C with shaking at 200 rpm. In mid-exponential phase (ODggg ~0.5), mitomycin C was added (1.5 pg/mL) to trigger prophage in-
duction, followed by cultivation for another 4 h. Cells were pelleted by centrifugation (8000 g, 10 min), supernatants were filtered-ster-
ilized, and diluted in order to obtain well-separated single plaques. Plaque assays were performed using B. subtilis A6 (ASPB Askin
APBSX Aprophage 1 pkscat Aprophage 3)°° as an indicator strain. A similar experiment, but without addition of mitomycin C, was
performed to assess spontaneous prophage induction (SPI). The effect of mitomycin C on growth dynamics was also analyzed in a
separate assay on a microtiter plate using two different concentrations (1.5 ng/mL and 0.1 pg/mL). The mitomycin C effect was quan-
tified by comparing areas under the growth curves between controls (without addition of mitomycin C) and treated samples, and ex-
pressed as % of biomass reduction.

Phage DNA extraction and sequencing

Phages were propagated on soft agar to obtain at least 20mL of lysates with titer of 10° pfu/mL. Lysates were filter-sterilized and
mixed at a 1:4 rate with PEG-8000 solution (PEG-8000 20%, 116 g/L NaCl). After overnight incubation at 4°C, the solutions were
centrifuged for 60 min at 11000 rpm to obtain phage precipitates. The pellets were resuspended in 500uL of SM buffer (5.8 g/L
NaCl, 0.96 g/L MgS04, 6 g/L Tris-HCI, pH 7.5), followed by phage DNA extraction using Genomic Mini AX Phage kit (A&A Biotech-
nology, Poland), using modified protocol with nuclease incubation step extended to 60 min. Phage sequencing was performed by
lllumina MiSeq instrument and a 2 x 250 nt paired-end chemistry (MiSeq Reagent Kit v2 (500-cycles). Primary data analysis
(base-calling) was carried out with Bbcl2fastq” software (v2.17.1.14, lllumina). In vitro fragment libraries were prepared using the
NEBNextUltra Il DNA Library Prep Kit for lllumina.

Analysis of predicted prophage activity from illumina reads coverage

For the sequenced genomes (B. subtilis PS-11, PS-24, PS-25, PS-233, PS-237, PS-261), predicted prophage activity was assessed
by visually analyzing coverage discrepancies between prophage sequences and the rest of the genome. This involved mapping II-
lumina reads to their corresponding reference genome in Geneious Prime (2024.0.2) using BBMap (v38.84) with a normal sensitivity
setting, and comparing the average prophage sequence coverage with the average coverage of the rest of the genome. Enrichment
of prophage regions indicates more phage DNA and lytic phages.

QUANTIFICATION AND STATISTICAL ANALYSIS

Information about statistical methods used in bioinformatics analysis can be found in the above ‘Method details’ section, next to
description of specific analysis. Statistics related to experiments, are denoted in figure legends. Briefly, means of at least 6 biological
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replicates are shown on the graphs, with error bars showing standard errors. If boxplots are plotted, all datapoints are shown on the
graph. The Pearson correlation coefficient was used to estimate the correlation between the number of prophages and the magnitude
of the stress response.

ADDITIONAL RESOURCES

None. All relevant links have been provided in ‘Method details’ or ‘Key Resource Table’.
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