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Summary 21 

Prophages account for a substantial part of most bacterial genomes, but the impacts on hosts 22 

remain poorly understood. Here, we combined computational and laboratory experiments to 23 

explore the abundance, distribution, and activity of prophage elements in Bacillus subtilis.  24 
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NCBI database genome sequences and isolates from 1 cm3 riverbank soil samples were 25 

analyzed to provide insights at global and local geographical scales, respectively. Most 26 

prophages in wild B. subtilis isolates were related to mobile genetic elements previously 27 

identified in laboratory strains. Some large groups of prophages were closely related to 28 

completely uncharacterized yet functional Bacillus phages, or completely unknown. As certain 29 

prophage groups were unique to local isolates, we explored factors influencing prophages 30 

within a single genome. Phylogenetic relatedness was a slightly better predictor of host 31 

prophage repertoire than geographical origin.  We show that cryptic phages can play a major 32 

role in acquisition and/or maintenance of other prophage elements both via strong antagonism 33 

or by co-dependence. Laboratory experiments showed that most predicted prophages may be 34 

cryptic, since they failed to induce under DNA-damaging stress conditions. Interestingly, the 35 

magnitude of stress responses remained proportional to the total number of prophage elements 36 

predicted, suggesting their importance in host physiology. This study highlights the diversity, 37 

integration patterns, and co-occurrence of prophages in B. subtilis and their potential impact 38 

on host evolution and physiology. Understanding these dynamics provides insight into bacterial 39 

genome evolution and prophage-host interactions, laying the groundwork for future 40 

experimental studies on the roles of phages in the ecology and evolution of this bacterial 41 

species. 42 
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Introduction 49 

Bacteriophages (phages) are the most widespread biological agents on planet Earth 1. They not 50 

only act as bacterial predators, but can also profoundly impact host bacteria when integrated in 51 

their genome. During lysogeny, the host genome integrates phage elements, called prophages, 52 

that can influence a wide array of bacterial traits such as virulence 2,3, dormancy 4, interference 53 

with neighbors 5, resistance to lytic phages 6, metabolic pathways 7,8 and cell-cell 54 

communication 9–11. The effects of prophage elements on their bacterial hosts can further 55 

influence higher organisms colonized by lysogenized bacteria, which can translate to global 56 

phenomena such as disease outbreaks 12,13 or mating patterns in insects 14. Given the key role 57 

of prophages and their presence in nearly 70% of all bacterial genomes 5,15, it is important to 58 

understand the effects of particular prophage elements on their bacterial host, their global 59 

distribution, potential for transmission, and factors controlling their abundance, transmission, 60 

and stability within host genomes.   61 

 The abundance of prophage-like elements differs across bacterial phyla, genera, and 62 

species 5,15,16, as well as within species 17,18. Interspecies diversity at the level of mobile genetic 63 

elements (MGEs), including prophages, hampers scientific progress in understanding the role 64 

of prophages in a broader ecological context because, even for well-established model species 65 

of medical, agricultural, or industrial relevance, most experimental studies are performed on a 66 

few well-characterized representative strains including Bacillus subtilis 168 19,20, Escherichia 67 

coli K-12 21, and Pseudomonas aeruginosa PAO1 22. Consequently, we mostly explore 68 

prophages and MGEs that specifically occur in these laboratory strains, while the significance 69 

and dynamics of these mobile elements are not recognized in a broader ecological context.  70 

 B. subtilis is a versatile soil-dwelling bacterium capable of thriving in a wide range of 71 

environments, including terrestrial and aquatic environments, as well as humans and other 72 
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animals. B. subtilis is widely used in the industrial production of enzymes and antibiotics23, 73 

controlling plant diseases and promoting plant growth24, improving gut health25–27, boosting 74 

immunity in mammals 28, and promoting overall wellness of humans and animals 29–31. B. 75 

subtilis species form highly resistant spores that can withstand exposure to UV, heat, 76 

desiccation, and lack of nutrients 32. Furthermore, B. subtilis can travel via air over long 77 

distances through dust storms 33,34. Despite global mixing, a recent study revealed that the 78 

relatedness of B. subtilis strains is driven by habitat heterogeneity, and sustained at different 79 

spatial scales within the environment35. Niche-driven diversification seems to be faster than the 80 

rate of dispersal, but how habitat-driven diversification affects the acquisition dynamics and 81 

evolution of the phage arsenal is unknown. 82 

 As a member of the Bacillota (previously Firmicutes) phylum, B. subtilis is known to 83 

be rich in prophage elements 16. Recent experimental studies demonstrated the impacts of these 84 

elements on intraspecific competition 5,36, dormancy 4, surface colonization 37, and genome 85 

stability 36,38. It was also shown that certain prophages can be antagonized by other MGEs, 86 

such as conjugative plasmids 39, and that the presence of the latter can correlate with prophage 87 

diversification 38. Furthermore, prophages and defective phage plasmids of this species impair 88 

the genetic competence of B. subtilis 40,41. The above findings suggest that prophage elements 89 

play an important role in host adaptation, and that the presence of certain MGEs may influence 90 

the stability of prophages within host genomes. However, only a small number of B. subtilis 91 

temperate phages and prophage-like elements have been described and experimentally 92 

characterized, and those examined have been mostly derived from laboratory strains38,42,43.  As 93 

a result, we know very little about the general abundance, phage activity, and ecological 94 

relevance of already described temperate phages, or the presence, diversity, and ecology of 95 

other, unrelated prophages in non-domesticated isolates. Furthermore, the influence of 96 

environmental niche on the phage repertoire of B. subtilis strains remains unknown.  97 
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 This work investigated prophages and prophage-like elements within B. subtilis strains 98 

at global (publicly available genome sequence databases) and local (our collection of soil 99 

isolates) geographical scales. We confirm that B. subtilis species are rich in prophage elements, 100 

and that these elements integrate into a few specific genomic hotspots. Based on encoded 101 

protein similarity, we clustered prophages of B. subtilis into dozens of groups, some globally 102 

distributed and others restricted to local geographical areas. We also demonstrate clear positive 103 

or antagonistic interactions in terms of genomic co-occurrence between certain prophage 104 

elements that likely drive their diversification. As isolates from global and local scales showed 105 

similar levels of prophage diversity, we experimentally tested the potential of prophages from 106 

our local B. subtilis strain library for horizontal transmission. Only a minority of prophages 107 

could be activated with a common inducing agent. Our work highlights the ecological 108 

dynamics of prophage elements within a bacterial species based on public genome sequence 109 

database information and a locally collected isolate library, with insights into the genetic 110 

interactions (coexistence, exclusion) between MGEs within host genomes.   111 

 112 

 113 

Results 114 

B. subtilis species are rich in prophages mainly located in nine integration hotspots 115 

We predicted prophages in a large set of B. subtilis genomes, including all 191 complete 116 

genomes available on NCBI (now referred to as global-scale isolates) and 40 in a recently 117 

sequenced isolate library from a defined 1 cm3 soil sample from the Sava riverbank 44 (Figure 118 

1A), referred to as local isolates. Collectively, these genomes contained 1243 prophages 119 

(Supplementary data 1) and although each genome contained at least one prophage element, 120 

most strains carried up to four prophages. Genomes from local scale strains had a slightly 121 

different distribution of predicted prophages, with the mode shifted towards a higher average 122 
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number of prophages (five) per genome, but up to a maximum of eight (Figure 1B). Among 123 

global-scale strains, 35 carried 10 or more prophages (Figure 1B). Next, we plotted the 124 

predicted prophages according to their integration position in the host chromosome, revealing 125 

the presence of at least nine prophage-integration hotspots distributed across the chromosome. 126 

The integration hotspots nearly overlapped between local and global-scale isolates (Figure 1C, 127 

Supplementary Data 1). The abundance of prophage elements varied among identified 128 

hotspots, with the highest abundance of prophages at hotspots near the replication terminus and 129 

the lowest abundance close to the origin of replication (Figure 1C). Moreover, the sizes of 130 

prophage elements differed depending on their respective integration position. For example, 131 

relatively small prophages (averaging 14.6 ± 2.8 kb) were predominantly found at position ~4 132 

Mb, while two hotspots around position ~2 Mb exhibited a bimodal distribution of prophage 133 

sizes (Figure 1C), with a distinct group of large prophages exceeding 120 kb (Figure 1C, 134 

Supplementary data 1).               135 

 136 

 137 

 138 
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Figure 1: Predicted prophage elements and prophage integration hotspots in B. subtilis. 139 

A. B. subtilis strains from NCBI isolated from a variety of geographical locations and sources, 140 

and local scale B. subtilis isolates from the Sava riverbank, were analyzed using Phaster 141 

software to predict prophage elements. B. Histogram showing the distribution of prophage 142 

elements in analyzed B. subtilis genomes. In the right corner, global scale NCBI isolates (blue) 143 

and local isolates (pink) are represented separately. Chromosomal prophage elements are 144 

plotted according to integration position (x axis) and genome size (y axis). Data obtained for 145 

NCBI isolates are presented in blue and data for local isolates are presented in pink. The filled 146 

histogram in gray depicts the distribution of prophage elements across genomes to indicate the 147 

locations of integration hotspots.  148 

 149 

Most prophages are associated with known B. subtilis phages or MGEs, but two prophage 150 

groups are unique to local geographical scale isolates 151 

Based on total prophage numbers, fragment sizes, and integration sites, broad phylogenetic 152 

diversity of prophage elements was expected, which led us to use vContact2 45 to build a local 153 

phylogeny for our phage collection. This network derived from vContact2 was subjected to 154 

clustering using clusterONE, resulting in 62 vOTUs (Supplementary Data 1−2), which were 155 

subsequently used as vContact2-derived operational taxonomic units (vOTUs) in downstream 156 

analysis. To determine the taxonomy of the predicted prophages, we used discontinuous mega-157 

BLAST to match them to the INPHARED phage database 46 of confirmed active phages, which 158 

we supplemented with sequences of previously described MGEs within B. subtilis 168 (see 159 

Methods). Finally, prophages from vOTU that did not have a match within the aforementioned 160 

references, were additionally compared against the genome of B. subtilis 168 without MGEs 161 

(see Methods) to check for matches to annotated B. subtilis chromosomal regions that are not 162 

functional prophages. This approach allowed us to classify most of the predicted prophages 163 
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according to their relatedness to known functional phages or previously described B. subtilis 164 

MGEs, and according to the predicted phage activity (Figure 2A−C, Supplementary data 2).  165 

 The most prominent group of predicted prophages (n = 238) was phylogenetically 166 

related to defective phage PBSX, followed by prophages similar to cryptic prophage skin (n = 167 

182), recently isolated phage Yong1 (n = 116), and temperate phage SPꞵ (n = 74; Figure 2A−B, 168 

Supplementary Data 2). Other relatively abundant groups were prophages with similarity to 169 

conjugative element ICEBs1 (n = 56), previously described temperate phage phi105 (n = 37), 170 

a cryptic prophage found on pBS32 plasmid present in B. subtilis 3610 (n = 21), or cryptic 171 

prophage elements 5 (n = 17) and 6 (n = 7) which are also present in B. subtilis 168 (Figure 172 

2A−B, Supplementary data 2). While PBSX, skin, ICEBs1, and pBS32 clusters are distant from 173 

each other and from other vOTUs, clusters of SPꞵ, element 5 and 6, phi105, and Yong1 are 174 

genetically interconnected, which suggests a substantial sharing of proteins between most 175 

phages with little phylogenetic conservation (Figure 2A). In addition to taxonomy, the 176 

vContact2 network revealed substantial differences in proteome conservation between phage 177 

groups, with some groups (e.g. PBSX and ICEBs1) being rather conserved, and others (e.g. 178 

skin, Yong1, phi105, and SPꞵ) being more diverse, displaying lower similarity within vOTU, 179 

and even grouped into several different vOTUs (Supplementary Data 2, Supplementary Figure 180 

1).  181 

 We also observed that prophage elements that clustered together tended to reside in 182 

similar integration sites within B. subtilis genomes (Supplementary Figure 2).  However, there 183 

were certain exceptions, where phages classified into different phylogenetic groups were found 184 

at similar chromosomal locations (e.g. skin, Yong1, and phi105-related prophages). Prophages 185 

of these two groups were among the less conserved in terms of chromosomal position, as they 186 

were found in multiple different chromosomal positions (Supplementary Figure 2). The latter 187 

prophage is probably linked to several vOTUs with relatedness to skin and phi105, and may be 188 
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located at different attachment sites. Finally, we gained further insights into larger clusters of 189 

completely unknown prophages, such as vOTU 8 that always seem to integrate near 190 

Yong1,  vOTU 0 that always integrates close to the origin of replication, and vOTU 16 that 191 

may replace the skin element in certain genomes (Supplementary Figure 2).    192 

 A minor portion of B. subtilis strains also carried plasmids, and a minority of those also 193 

contained prophages, which clustered into a few different vOTUs, entirely unrelated to all other 194 

phages (Figure 2A). Finally, certain relatively large clusters were found (e.g. vOTU 8, 16, 0, 195 

and 40), which had no matches with known phages or MGEs, or matched poorly with B. subtilis 196 

168 chromosomal regions. These were assigned as completely unknown (Figure 2A−C, 197 

Supplementary Data 2). Based on similarity to references and chromosomal regions, we 198 

classified ~23% of predicted prophages as likely or possibly active, ~63% as cryptic, likely 199 

cryptic, or other MGEs that are not functional phages, and ~15% as completely unknown 200 

(Figure 2C, Supplementary Data 2).     201 

 202 
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 203 

 204 

Figure 2. Clustering of predicted prophage elements. A. Prophages colored according to 205 

clustering. Reference phages or known mobile genetic elements (MGEs) are depicted as round 206 

squares with each color representing one phage cluster. Prophages found within genomes 207 

available from the NCBI are shown as diamonds, while prophages from riverbank soil local-208 

scale samples are shown as circles. B. Distribution of predicted prophage elements according 209 

to reference matching via nucleotide BLAST. C. Distribution of predicted prophage elements 210 

according to their predicted function, based on similarity to active phages, other MGEs, and 211 
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known B. subtilis 168 chromosomal regions. Phages were classified according to the known 212 

function of their reference match. In addition, phages matching B. subtilis 168 non-MGE 213 

chromosomal regions with >30% coverage and >88% identity were classified as likely cryptic. 214 

Prophages with lower coverage (<30%) or with no match to references were classified as 215 

unknown.  216 

  217 

 Finally, we compared prophage clustering networks of database (NCBI) and local-scale 218 

bacterial strains, specifically asking whether there are any distinct prophage groups associated 219 

solely with strains from local-scale samples. While the vast majority of prophage groups found 220 

among riverbank isolates were represented also within global-scale isolates, we found groups 221 

that were unique to local-scale isolates, specifically, two plasmid prophages assigned as 222 

outliers associated with the Bam35c reference bacteriophage, and a unique cluster of Yong1-223 

related phages (vOTU64) that were unique to local-scale isolates (Figure 2A).   224 

 225 

Specific host phylogenetic clades are defined by distinct sets of prophages  226 

To better understand the connection between host phylogeny and the similarity of prophage 227 

elements, a phylogenetic tree based on all analyzed B. subtilis strains was constructed using 228 

core gene alignment (see Methods). B. subtilis strains were clustered into seven phylogenetic 229 

clades (PCs), with local strains belonging to only two clades (PC1 and PC2), which were also 230 

more closely related to each other than to other clades (Figure 3). Plotting prophage elements 231 

to the phylogeny of strains revealed that phylogeny correlated with the presence of specific 232 

prophage elements to a certain extent (Figure 3). This was confirmed after we quantified the 233 

variability of the prophage repertoire within (0.96−0.915) and between (0.955−0.893) the 234 
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largest clades (Supplementary Data 3, Figure 3). For all except PC3, prophages were more 235 

similar within clades than between clades when strains from all four clades were included 236 

(Figure 3). Clade PC3 was rather unique, as it was characterized by the highest diversity of 237 

prophage elements (0.915) and by strains carrying a distinct set of prophage elements compared 238 

to other strains (Figure 3). Interestingly, PC3 strains were mostly missing the most abundant 239 

prophage vOTU 5 (PBSX), and carried vOTU 6 (also PBSX) instead. There was no obvious 240 

distinction in phage repertoire between clusters containing fewer strains (clusters PC5−PC7). 241 

It was difficult to estimate the effect of local environment on the diversity of prophage 242 

repertoire among isolates, mostly because local strains clustered into PC1 and PC2, which also 243 

exhibited rather high similarity of prophages between clades (Figure 3). Nevertheless, within 244 

local strains, prophage similarity score (0.942) was lower than prophage similarity scores 245 

within PC1 (0.96) and PC2 (0.943), suggesting that phylogeny was a better predictor of 246 

prophage repertoire than strain isolation site. This was also in line with a rather random 247 

distribution of countries and isolation sites across the phylogenetic tree (Figure 3). Together, 248 

these results indicate that closely related strains tend to carry similar prophages. 249 
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 250 

 251 

 252 

Figure 3. Relationship between phylogeny, prophage cargo, and the country/isolation 253 

source of B. subtilis strains. A. From the left to right: phylogenetic tree illustrating the 254 

phylogeny (core gene alignment) among all analyzed B. subtilis strains; phylogenetic cluster 255 

demarcation, with each color representing a different phylogenetic clade; matrix of 256 

presence/absence of prophage elements (red indicating the presence of local strains, black 257 

indicating the presence global strains, and an empty space indicating absence) associated with 258 

specific clusters, country of origin, and the source of strain isolation. B. Table showing 259 

prophage presence/absence similarity scores calculated within or between phylogenetic 260 

clusters or within local-scale isolates (see Methods). Briefly, similarity score within strains for 261 
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each phage vOTU was calculated, and scores of all vOTUs were averaged to obtain similarity 262 

at the level of the entire prophage repertoire (see also Supplementary Data 3). 263 

 264 

Both mutual inclusion and exclusion of prophages is common within bacterial genomes 265 

Next, we tested the hypothesis that prophage elements shape the prophage repertoire of the 266 

host, for instance, by either preventing or promoting acquisition of prophages. In particular, 267 

this was suggested by several unique prophage elements within PC3 (Figure 3), that seemed to 268 

co-occur within genomes belonging to this phylogenetic clade. Indeed, our analysis revealed 269 

both negative and positive co-occurrence between predicted prophage elements (Figure 4, 270 

Supplementary Data 4, Supplementary Figure 4). 271 

 272 

 273 

 274 

Figure 4. Map of prophage interactions and characteristics considering their co-275 

occurrence within a single host chromosome. A. Prophage vOTU labels colored according 276 

to their relationships with other vOTUs within a single chromosome: dependee - prophages of 277 

other vOTUs tend to occur only when this vOTU is present; depender - this vOTU occurs only 278 
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in the presence of another vOTU; always excludes - if this vOTU is present, certain other 279 

vOTUs never occur; coupled without dependence - tend to co-occur with another vOTU; 280 

depender and dependee - its presence depends on a certain vOTU, but also determines the 281 

presence of another vOTU. Lines connecting squares are colored according to interactions: 282 

coupling (blue), exclusion (red), dependence (yellow). B. Graphic summary of alignments of 283 

all PBSX genomes from vOTU 5 (colored red) and vOTU 6 (colored green) obtain by Blast. 284 

Map of PBSX from B. subtilis 168 [NC_000964.3] was shown above the alignment. The two 285 

regions that are commonly distinct between vOTU 5 and vOTU 6 overlap with open reading 286 

frames of xkdO and xkdV of PBSX B. subtilis 168.  287 

 288 

 Among all vOTUs, roughly a third (21 of all 62 vOTUs) were involved either in positive 289 

or negative co-occurrences with other prophage elements within the host chromosome. From 290 

all types of interdependencies detected, most vOTUs showed coupling (statistically significant 291 

co-occurrence of both vOTUs within the host chromosome), followed by dependence (where 292 

the presence of one vOTU depends on the presence of another, which is not dependent on the 293 

first), and exclusion (where a certain vOTU is never found in the presence of another vOTU), 294 

as shown in Supplementary Figure 4. Prophage elements that seemed to have the largest effect 295 

on the overall prophage arsenal were PBSX vOTU 5, which showed exclusion towards nine 296 

other vOTUs; PBSX vOTU 6, which showed coupling with five vOTUs, and determined the 297 

presence of another three vOTUs; and phi105 vOTU 7, vOTU 0, and Yong1 vOTU 10, which 298 

also showed a significant number of positive interactions (Figure 4, Supplementary Figure 4, 299 

Supplementary Data 4).  300 

 To delve deeper into the factors contributing to these correlations, we focused on two 301 

groups of PBSX elements, vOTU 5 and vOTU 6, which never co-occurred within the host 302 

chromosome, and which exerted a profound impact on the presence/absence of other prophages 303 
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(Figure 4, Supplementary Figure 4). PBSX of vOTU 5, encompassing ~83% of all identified 304 

PBSX prophages, exhibited a strong antagonistic relationship with PBSX in cluster 6 305 

(constituting ~17%) and with phage phi105. Consequently, if an isolate carried PBSX of cluster 306 

5, it was highly unlikely to be lysogenic for phi105 vOTU 7, Yong1 vOTU 10, and a few other 307 

unknown or likely cryptic prophages. Conversely, PBSX of vOTU 6 displayed a strong positive 308 

correlation with these prophage elements (Figure 4, Supplementary Figure 4). Furthermore, we 309 

noticed coupling between certain types of SPbeta prophage and the skin element (Figure 4, 310 

Supplementary Figure 4).   311 

 Given that PBSX of vOTU 5 is the most widespread prophage, we hypothesized that 312 

protection from attack and lysogenization by multiple other phages may select for its 313 

maintenance within the species. An interesting observation in this prophage was the existence 314 

of an alternative PBSX variant differing in the cell wall hydrolase xkdO gene region and the 315 

end fragment of the hypothetical protein-encoding gene xkdV (Figure 4B). These results clearly 316 

show that the likelihood of acquisition or loss of certain prophage elements can be predicted 317 

based on the presence or absence of other specific prophages.  318 

 319 

Strains with more predicted prophages show stronger DNA damage responses, but only 320 

some prophages appear to be active 321 

Previous experimental data suggest that the majority of computationally predicted prophage 322 

elements are non-functional temperate phages47, meaning they are not capable of forming 323 

phage particles and propagating via a lytic cycle. To challenge bioinformatic prophage 324 

prediction with experimental data, we tested 40 local isolates from the soil microscale for 325 

spontaneous or stress-induced release of active phage particles using mitomycin C. We found 326 

that prophages could be induced in 6 of 40 B. subtilis strains (PS-11, PS-24, PS-25, PS-233, 327 

.CC-BY-NC-ND 4.0 International licensemade available under a
(which was not certified by peer review) is the author/funder, who has granted bioRxiv a license to display the preprint in perpetuity. It is 

The copyright holder for this preprintthis version posted July 3, 2024. ; https://doi.org/10.1101/2024.07.03.601884doi: bioRxiv preprint 

https://doi.org/10.1101/2024.07.03.601884
http://creativecommons.org/licenses/by-nc-nd/4.0/


 17 

PS-237, and  PS-261) producing titers in the range of 102−107/ml using B. subtilis Δ6 (ΔSPβ 328 

Δskin ΔPBSX Δprophage 1 pks::cat Δprophage 3) as an indicator strain, and in 2 of these 6 329 

strains the induction was spontaneous (without mitomycin C treatment), as indicated by the 330 

presence of plaques on the lawn of the indicator B. subtilis strain Δ6 (Figure 5A).  331 

Spontaneous induction rates were too low to determine active prophages from sequencing 332 

coverage (Supplementary Figure 5).  Therefore, phage DNA was extracted from post-induction 333 

lysates and subjected to Illumina sequencing (see methods). The obtained sequencing reads 334 

clearly mapped onto predicted prophage sequences within the genomes of PS strains: in case 335 

of PS-24 and PS-25, reads mapped onto linear phage plasmids (vOTU 38), for PS-11 and PS-336 

233 onto SPβ-related elements (vOTU 25 and vOTU 24, respectively) and for PS-233 they 337 

distributed among Yong-related elements vOTU 13 and vOTU 64 (Figure 5A, Supplementary 338 

Figure 6). As our previous analysis suggested positive association between vOTU 13 and 339 

vOTU 64 (Figure 4A), this data strongly suggest co-dependence of these two prophage 340 

elements and assembly of composite phage.  341 

Regardless of plaquing on the indicator strain, we also tested how all 40 strains responded to 342 

the optimized concentration of mitomycin C (0.1 μg/ml), which triggered strong biomass 343 

reduction mainly in strains carrying active prophages (Supplementary Figure 7). However, not 344 

all strains that carried predicted active phages also showed strong biomass reduction in the 345 

presence of mitomycin C (Figure 5B) and vice versa. For example, strains PS-18 and PS-96 346 

showed strong biomass reduction but did not produce active phages (Supplementary Figure 8). 347 

In theory, strains PS-18 and PS-96 (and other strains which showed strong responses to 348 

mitomycin C but did not plaque) could release phages that are not specific to the indicator 349 

strain. Nevertheless, there was no relationship between host phylogeny and detection of 350 

plaques on the indicator strain (Figure 5B), suggesting that a growth response to mitomycin C 351 

does not always reflect the presence of active prophages in the host genome.  352 
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    Next, we compared the total number of predicted prophages based on the strength of 353 

the response to mitomycin C (calculated as the reduction in biomass compared to untreated 354 

controls; Figure 5C). Strains with more predicted prophages within their genome were found 355 

to respond more strongly to mitomycin C (Figure 5C). These results indicate that although most 356 

of the predicted prophage elements were no longer able to transmit and replicate in a new 357 

bacterial host, they still triggered cell lysis in response to DNA damage. The results also show 358 

that vOTU membership cannot predict activity of prophage element (e.g. majority of strains 359 

carrying vOTU 25 did not show prophage activity) and that even elements with high induction 360 

rate can be restricted to only minority of strains within microscale (e.g. prophages of vOTU 361 

38). The results also suggest that coupling detected between certain prophages within single 362 

host chromosome (Figure 4A) can be due to assembly of composite phages from two closely 363 

related and distantly integrated prophages upon lytic cycle induction.  364 
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   365 

 366 

 367 

  368 

Figure 5. Screening for active prophages within local-scale isolates. A. Of 40 strains treated 369 

with mitomycin C, six showed the presence of active phages in their supernatants (PS-237, PS-370 

261, PS-11, PS-233, PS-24, and PS-25). Prophage elements predicted within their genomes are 371 

schematically labeled on circular graphs. Elements that were identified as active by phage DNA 372 

sequencing as labelled in red. Graphs below plaque images represent growth curves with and 373 
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without addition of mitomycin C (0.1 µg/ml). Results are averages of six biological replicates 374 

and error bars represent standard error.  B. Phylogenetic tree of local strains, with the presence 375 

of prophage elements that belong to certain similarity clusters represented by squares of 376 

different colors. Supernatants of strains labeled in red produced plaques on the indicator strain 377 

when collected post prophage induction with mitomycin C. The heatmap on the right represents 378 

the strength of response to mitomycin C, measured as biomass reduction. Active prophage 379 

elements as identified by phage DNA sequencing were labelled by red rectangles and entire 380 

vOTU within which active prophages were identified, was labelled by red arrow. Arrows with 381 

asterisk signify partial coverage of phage DNA reads. C. Number of predicted prophage 382 

elements versus strength of response to mitomycin C measured as biomass reduction compared 383 

to non-treated controls. P stands for Pearson correlation coefficient. Boxes represent the first 384 

and third quartiles. Lines represent the median and bars span maximum to minimum values. 385 

All data points are overlaid on boxes.  386 

 387 

Discussion  388 

Here, we assessed prophage elements, their diversity, and potential interactions within 389 

complete B. subtilis genomes available on NCBI, and within a collection of B. subtilis strains 390 

isolated from 1 cm3 of riverbank soil. Recently, prophage elements were assessed in 194 B. 391 

subtilis genomes available on NCBI 48, where diversity analysis was limited to prophage 392 

elements categorized as intact 48.  In our approach, we ignored the functionality categories 393 

assigned by the software to remove many relevant MGEs (such us gene transfer agents, or 394 

plasmids with phage features) from the analysis. Genomic comparison identified 55 distinct 395 

types of prophages with varying genome sizes, integration sites, and gene content, as well as  396 

several groups of prophage elements with homology to temperate phi105 48. Our protein-based 397 
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clustering analysis confirms these results, as well as the presence of two groups of SPbeta-like 398 

phages. 399 

 We found that strains from local geographical scale samples had a prophage frequency 400 

distribution distinct from that of global isolates, and carried certain unique groups of prophage 401 

elements. This supports previous experimental studies that demonstrated rapid acquisition and 402 

spread of temperate phages from and within local microbiomes 49. Our work also clearly 403 

demonstrates barriers against phage transmission; even strains that coexist within the local 404 

scale, and are closely phylogenetically related, differ profoundly in the prophage repertoire 405 

they carry. Moreover, even though some of these prophages showed high potential for lytic 406 

cycle induction and horizontal transmission (like plasmid prophages present in strains PS-24 407 

and PS-25), they were restricted to only 2 of 40 isolates within the local isolate library.  408 

 In both global and local isolates, integration of prophage elements was restricted to a 409 

few specific genomic hotspots, with increasing numbers of integrated prophages close to the 410 

replication terminus. This observation is in line with previous work 17 and seems to be a general 411 

cross-species phenomenon, likely linked to transcriptional regulation and easier maintenance 412 

of stable lysogeny in the chromosomal region where gene expression (including lytic cycle 413 

genes) is lowest 50.  414 

 As most of the present knowledge about B. subtilis MGEs is derived from laboratory 415 

strain B. subtilis 168 and its ancestor strain B. subtilis NCIB 3610, we attempted to group the 416 

predicted prophage elements according to their similarities to MGEs residing in these strains. 417 

Our work confirmed the conservation of defective prophage PBSX in all isolates of local and 418 

global scale. The second most abundant group included phage elements that clustered with 419 

cryptic prophage skin, recently characterized Bacillus phage Yong1, temperate phage SPβ, and 420 

functional temperate phage phi105. Meanwhile, within natural isolates we found PBSX and 421 

skin that were identical to those present in B. subtilis 168, but no strains carrying full-length 422 
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Yong1 or phi105 in a prophage form. This may suggest a strong selection for the domestication 423 

of this temperate phage within the host genome51.   424 

 How and why PBSX is strictly maintained within B. subtilis is unclear. Although it was 425 

successfully deleted from the B. subtilis genome and classified as dispensable 52, its 426 

conservation within species implies a strong ecological advantage. It was recently shown that 427 

PBSX is involved in extracellular vesicle formation during stress-induced cell lysis, a process 428 

that depends on expression of the PBSX endolysin gene 53. Previous studies also suggest that 429 

PBSX may be constantly induced in a small subpopulation of cells54, which could potentially 430 

infer toxicity towards PBSX-negative strains and cause a rapid vertical spread of this element. 431 

Importantly, we show that PBSX exists in two taxonomic subgroups, which are strictly 432 

exclusive towards each other, and where one strictly antagonizes phi105-related prophage 433 

elements. This suggests that this dominant PBSX type could protect B. subtilis from other 434 

MGEs, like phi105, especially since the latter was classified as a ‘naive’ phage, entering the 435 

lytic cycle during B. subtilis genetic competence development41. This observation is also in 436 

line with previous reports on competition between phages for intracellular resources during 437 

lytic induction55, and superinfection immunity encoded within prophage elements56.  438 

 In addition to the strict antagonism between the two subgroups of PBSX, we found a 439 

strict co-occurrence between certain Yong 1 and phi105 ‘relatives’, as well as unknown and 440 

cryptic prophage groups. It is likely that phi105 vOTU 7, vOTU 17 (cryptic), and vOTU 22 441 

(cryptic) are remnants of a single prophage because they have neighboring integration sites (att 442 

at 3.2 Mb). The fact that they always co-occur with distantly integrated elements such as Yong1 443 

vOTU 10 (att at 1.7 Mb) may indicate that all three are needed for maintenance of lysogeny 444 

and host survival. Another possibility is molecular piracy, in which one defective element 445 

cannot spread without the other helper element57 – a hypothesis that is strongly supported by 446 

phage DNA sequencing results, indicating that sequences from two topologically distant 447 
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prophage elements showing statistically significant co-occurrence within single chromosome  448 

(both related to Yong1) can indeed assemble into composite phage   449 

 Interestingly, certain prophage elements that were abundant among wild isolates 450 

clustered together with well-described non-prophage regions of domesticated B. subtilis 168. 451 

For example, elements clustered with conjugative element ICEBs1 were found in 54 strains 452 

spanning local and global scale isolates. Although this element was previously shown to block 453 

lytic cycle induction in SPβ58, we did not find any antagonism or statistically significant 454 

patterns of co-occurrence between these two elements in B. subtilis genomes.  455 

 We also found that some prophage groups present in wild strains partially or almost 456 

completely matched chromosomal regions of B. subtilis 168. This may either suggest a miss-457 

prediction by the software, or the presence of prophage remnants in the lab strain. Some of 458 

these regions, such as those encoding biosynthetic gene clusters, deserve special attention. This 459 

suggests that, in addition to sublancin encoded by SPβ, other BGCs may also be transferred 460 

within prophage genomes. Finally, we found that certain genomic regions of B. subtilis 168, 461 

proposed to be prophage regions, had very few or no matches to the collection of natural 462 

isolates (e.g. prophage element 1, 2, or 3), strongly suggesting they are not part of functional 463 

prophages.  464 

 While very few B. subtilis strains carried plasmids, many of these appear to carry 465 

prophage-like elements. We discovered very potent functional phages on small linear plasmids 466 

within PS-24 and PS-25 local scale isolates. Further studies are needed to better understand 467 

their role in bacteria and/or host range. Our experimental data support recent findings 47 468 

showing that despite the abundance of predicted prophage regions within B. subtilis 469 

chromosomes, only a fraction are induced by mitomycin C. Our work also shows that the most 470 

active phages are not necessarily widespread within the local community. Further studies will 471 
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show whether the presence of plasmid prophages with a high spontaneous induction rate may 472 

provide certain benefits to host bacteria.  473 

 Although B. subtilis is a model organism and an industrially relevant species, 474 

knowledge of the natural diversity of its prophages remains limited. Our study uncovers this 475 

diversity and novel interactions between MGEs, as well as their level of conservation at the 476 

global scale and their level of uniqueness at the local scale. To what extent these elements drive 477 

interactions within the species and adaptation to certain growth conditions, such as fermented 478 

food, remains to be discovered. Our work opens multiple possible directions for further 479 

experimental research on the molecular mechanisms of antagonistic and positive interactions 480 

between MGEs, as well as host range, transmission, and conversion studies on active MGEs. 481 

 482 

STAR Methods 483 

Bacterial genomes  484 

A dataset of B. subtilis genomes consisting of complete genome sequences available on NCBI 485 

(ftp://ftp.ncbi.nih.gov/genomes/Bacteria/, last accessed March 2023) was used along with 486 

complete genomes of local soil microscale isolates (See below; Supplementary dataset 1). Raw 487 

sequencing data for microscale isolates were obtained using various sequencing platforms 488 

including PacBio, Nanopore, and Illumina (Nextera and Truseq PCR-free libraries) from single 489 

isolate DNA extracts. Detailed information about genome sequences, libraries, and platforms 490 

used for each strain can be found in the NCBI database under Bioproject accession number 491 

PRJNA437002. Unicycler was used to hybrid assemble genomes using short and long 492 

reads59,60. NCBI genomes were carefully curated based on metadata, which specifically meant 493 

that laboratory strains and their derivatives were excluded, while isolates with data for isolation 494 

sites and sources were retained. All genomes were oriented relative to B. subtilis 168 495 
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(AP011541.2), if necessary, using the ‘linearize’ function of SnapGene (www.snapgene.com). 496 

The final dataset contained 191 NCBI genomes and 40 genomes of soil microscale isolates.    497 

 498 

Identification of prophages and integration loci 499 

Prophage coordinates in bacterial genomes were determined using the web-based Phaster tool 500 

61,62. As genome orientations were corrected prior to prophage extraction, prophage coordinates 501 

were treated as integration loci. Prophages were retrieved from corresponding genomes using 502 

a custom-made pipeline and used for further analysis. As references, a collection of sequences 503 

consisting of prophages and other MGEs was individually retrieved from B. subtilis 168 504 

(NC_000964) and contained the following: prophage elements 1−6 63, conjugative element 505 

ICEBs1 64, defective phage PBSX 65, skin element 66, SPꞵ 67, and plasmid pBS32 (KF365913.1) 506 

known to carry a defective prophage 68.  In addition, phi105 (NC_048631.1) was added as a 507 

reference, since this is a known temperate phage targeting B. subtilis 69. Finally, Bacillus phage 508 

Yong1 (OP918669.1) was added as a reference after initial analysis of a substantial number of 509 

matches.  510 

 511 

Classification of phages into virus operational taxonomic units (vOTUs) 512 

In order to organize predicted prophages into clusters, vContact2 45 was used. In brief, prophage 513 

genes were predicted with Prodigal, translated into proteins, and these were used for reference-514 

free phylogenetic clustering with vContact2, which builds a network based on the number of 515 

shared proteins between phages. ClusterOne was then used to infer clusters of related phages 516 

based on this network. Reference sequences of selected MGEs of B. subtilis, as mentioned 517 

above, were manually added to this set. These clusters were then used as vOTUs for further 518 
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analysis. To further examine the taxonomy of these phages, each phage was aligned to a 519 

database of known phages. Here, we used discontiguous megablast (dc-megablast) to match 520 

them to the INPHARED phage database 46 of confirmed active phages, allowing for large gaps, 521 

which was necessary due to the high level of phage recombination. We considered a phage to 522 

match a reference if the coverage of the phage was at least 50% at ≥70% identity. Prophages 523 

from vOTUs that did not have a match within reference sequences were additionally blasted 524 

against the B. subtilis 168 genome without MGE sequences to check for potential matches to 525 

annotated B. subtilis chromosomal regions that do not carry functional prophages. 526 

 527 

Host phylogeny and prophage content 528 

All bacterial host genomes were phylogenetically evaluated using pan-genome analysis. 529 

Specifically, bacterial genomes were annotated with PROKKA 70 using the B. subtillis 168 530 

annotation as a reference, and the resulting annotations were used to build a core genome using 531 

ROARY 71 by considering genes to be core if they had >95% protein similarity in >99% of 532 

genomes. The resulting core gene alignment was then used to construct a maximum likelihood 533 

phylogenetic tree with FastTree 72 using the generalized time reversible (GTR) substitution rate 534 

model. Phylogenetic clusters containing more than five B. subtilis subspecies subtilis strains 535 

were determined arbitrarily.  536 

 537 

Ecological distribution 538 

Information on strain geography and habitat was derived from NCBI metadata. Furthermore, 539 

isolation sites were limited to include the most abundant geographical locations 540 

(Supplementary dataset 1), and isolation habitats were divided into five main categories: 541 
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soil/plant, food, waste/feces, water, and others. Host prophage cargo and isolation habitats of 542 

hosts were mapped onto a phylogenetic tree using R.  The locations of strain isolation were 543 

mapped onto the world map using Python 3.10.12 and Open cage Geocoding API  544 

(Supplementary Figure 9). Briefly, global strains were isolated from North America, Africa, 545 

Europe, and Asia. Local strains were isolated from two 1 cm3 soil samples from the riverbank 546 

of Sava river in Slovenia 73  and have been previously described and phenotypically analyzed 547 

35,44,74,75. 548 

 549 

Correlations and anticorrelations between the presence of prophage elements within a 550 

single host genome 551 

To investigate if some phages are mutually exclusive/inclusive within the same genome, we 552 

noted the presence of each vOTU, as defined above, within each host genome, resulting in a 553 

binary presence/absence matrix. Logistical regression was then performed to statistically test 554 

whether or not vOTUs co-occurred within genomes (i.e. which vOTUs were mutually inclusive 555 

or conversely, mutually exclusive).   556 

 557 

Prophage induction and plaque assay  558 

Bacterial strains were routinely cultivated in LB broth (LB-Lennox, Carl Roth; 10 g/l tryptone, 559 

5 g/l yeast extract, 5 g/l NaCl). To assess phage activity in culture spent media, overnight 560 

cultures were initiated from -80°C glycerol stocks and cultivated overnight at 37°C with 561 

shaking at 200 rpm for ~16 h. Cultures were transferred to fresh LB medium at 1% inoculum 562 

and further cultivated at 37°C with shaking at 200 rpm. In mid-exponential phase (OD600 ~0.5), 563 

mitomycin C was added (1.5 μg/ml) to trigger prophage induction, followed by cultivation for 564 

another 4 h. Cells were pelleted by centrifugation (8000 g, 10 min), supernatants were filtered-565 
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sterilized, and diluted in order to obtain well-separated single plaques. Plaque assays were 566 

performed using B. subtilis Δ6 (ΔSPβ Δskin ΔPBSX Δprophage 1 pks::cat Δprophage 3) 52 as 567 

an indicator strain. A similar experiment, but without addition of mitomycin C, was performed 568 

to assess spontaneous prophage induction (SPI). The effect of mitomycin C on growth 569 

dynamics was also analyzed in a separate assay on a microtiter plate using two different 570 

concentrations (1.5 μg/ml and 0.1 μg/ml). The mitomycin C effect was quantified by comparing 571 

areas under the growth curves between controls (without addition of mitomycin C) and treated 572 

samples, and expressed as % of biomass reduction.   573 

 574 

Phage DNA extraction and sequencing 575 

Phages were propagated on soft agar to obtain at least 20ml of lysates with titer of 106 pfu/ml. 576 

Lysates were filter-sterilized and mixed at a 1:4 rate with PEG-8000 solution (PEG-8000 20%, 577 

116 g/l NaCl). After overnight incubation at 4 °C, the solutions were centrifuged for 60 min at 578 

11000 rpm to obtain phage precipitates. The pellets were resuspended in 500µl of SM buffer 579 

(5.8 g/l NaCl, 0.96 g/l MgSO4, 6 g/l Tris-HCl, pH 7.5), followed by phage DNA extraction 580 

using Genomic Mini AX Phage kit (A&A Biotechnology, Poland), using modified protocol 581 

with nuclease incubation step extended to 60 minutes. Phage sequencing was performed by 582 

Illumina MiSeq instrument and a 2 × 250 nt paired-end chemistry (MiSeq Reagent Kit v2 (500-583 

cycles). Primary data analysis (base-calling) was carried out with Bbcl2fastq^ software 584 

(v2.17.1.14, Illumina). In vitro fragment libraries were prepared using the NEBNext®Ultra™ 585 

II DNA Library Prep Kit for Illumina. 586 

Analysis of predicted prophage activity from Illumina reads coverage  587 

For the sequenced genomes (B. subtilis PS-11, PS-24, PS-25, PS-233, PS-237, PS-261), 588 

predicted prophage activity was assessed by visually analyzing coverage discrepancies 589 
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between prophage sequences and the rest of the genome. This involved mapping Illumina reads 590 

to their corresponding reference genome in Geneious Prime (2024.0.2) using BBMap (v38.84) 591 

with a normal sensitivity setting, and comparing the average prophage sequence coverage with 592 

the average coverage of the rest of the genome. Enrichment of prophage regions indicates more 593 

phage DNA and lytic phages. 594 

 595 

Supplemental information 596 

Supplementary Figure 1-9, Supplementary Data 1-5 597 
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 623 

Supplementary Data legends 624 

Supplementary Data 1. All predicted prophage elements with metadata. Each row contains 625 

metadata for each predicted prophage element from a particular chromosome or plasmid. The 626 

metadata includes information on clustering, phage coordinates, and bacterial hosts. This 627 

dataset was used to create other graphs and figures in this manuscript.    628 

 629 

Supplementary Data 2. List of prophage clusters (vOTUs) with prophage abundance, 630 

references, and function prediction. All vOTUs (column A) and the number of sequences 631 

within each vOTU (column B) are listed. Subsequent columns are reference matches for most 632 

sequences within vOTUs (column C); reference matches for the few sequences within vOTUs 633 

(column D); matches to non-MGE chromosomal regions of B. subtilis 168 [NC_000964.3] 634 

(column E) with indicated coverage and identity ranges for all sequences within vOTUs; and 635 

predicted functions based on matches to functional reference phages, known MGEs, or non-636 

MGE chromosomal regions (column F). Function classification was performed as follows: 637 
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matching the majority to functional reference phages - likely active prophages; matching the 638 

minority to functional reference phages, or matching the majority but >50% coverage with non-639 

MGE chromosomal regions - possibly active prophages; matching the majority to known 640 

MGEs - functions of particular MGEs; >30% coverage and >88% identity to non-MGE 641 

chromosomal regions of B. subtilis 168 - likely cryptic prophages; no reference matching and 642 

<30% match to non-MGE chromosomal regions of B. subtilis 168 - unknown. Outliers and 643 

singletons were not included in the aforementioned analysis. Data used to create pie charts in 644 

Figure 2B and Figure 2C are also included on the right.   645 

 646 

Supplementary Data 3. Similarity scores of prophage elements within and between 647 

phylogenetic clades. Presence or absence of prophages from each vOTU (excluding singletons 648 

and outliers) within members of single or multiple phylogenetic clades was calculated. Groups 649 

of strains were scored according to the presence or absence of a given prophage considering 650 

the majority rule (e.g. if a prophage was present in the majority, the number of lysogens was 651 

counted within the analyzed group, and if a prophage was present in the minority, the number 652 

of non-lysogens was counted). Number of specific lysogens and non-lysogens was divided by 653 

the total number of strains analyzed to obtain % of lysogens or non-lysogens. Results from 654 

each vOTU were averaged to give prophage arsenal similarity score.  655 

Supplementary Data 4. Statistics for co-occurrence or exclusion of prophages from given 656 

vOTUs within single host chromosomes. A binary presence and absence matrix was 657 

constructed for each prophage vOTU in combination with another vOTU. Statistically 658 

significant combinations are listed. (left) Graphical representation of the co-occurrence or 659 

exclusion of prophage elements. Each dot within rectangles represents a single genome where 660 

a given prophage element is present. Red lines represent correlations between elements. P-661 

values were transformed to -log10(p) to manage the wide range of values, with higher values 662 
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corresponding to greater statistical significance. (right) The same prophages were plotted 663 

according to their integration site in the host chromosome.     664 

 665 

Supplementary Data 5. Raw optical density measurements. These data were used to plot 666 

growth curves in the presence and absence of mitomycin C, as well as to calculate the effect of 667 

mitomycin C on biomass reduction.  668 

 669 
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