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Abstract 18 
 19 
Bacteria synthesize natural products to adapt to their environment, where phage-bacteria interactions 20 
play a crucial role in bacterial ecology. Although a few natural products have been shown to protect 21 
bacteria from phage infection, the prevalence and diversity of chemical anti-phage defense remain 22 
largely unexplored. Here, we uncover a novel family of over 2000 lanthipeptide biosynthetic gene 23 
clusters from Actinobacteria that participate in anti-phage defense, which we named lanthiphages. 24 
Lanthiphages colocalize with other anti-phage systems in defense islands. We demonstrate that native 25 
lanthiphage expression protects the model strain Streptomyces coelicolor against diverse phages. 26 
Heterologous expression of four additional lanthiphage pathways shows that the anti-phage function is 27 
conserved across this family of biosynthetic gene clusters. Finally, we demonstrate that lanthiphage 28 
expression leads to the production of a novel compound and alters phage transcription. Our findings 29 
highlight that biosynthetic gene clusters with anti-phage functions can be successfully identified through 30 
genomic analysis. This work paves the way for the systematic mining of anti-phage natural products, 31 
which could constitute a novel reservoir of antiviral drugs.   32 
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Introduction 33 
Bacteria produce chemical compounds, known as natural products, to adapt to their abiotic and biotic 34 
environments1,2. While thousands of natural products, such as antibiotics and anticancer agents, have 35 
been discovered and characterized in relation with their clinical3,4 and economic value5,6, the biological 36 
function of most natural products remains unknown. Phage-bacteria interactions play a key role in 37 
bacterial ecology7,8. Reports from the 1940s noted that Streptomyces culture extracts can inhibit phage 38 
replication9,10, but it was only recently demonstrated that a few known natural products, such as DNA 39 
intercalating agents11 (daunorubicin, doxorubicin), aminoglycosides12 (apramycin, kanamycin), and 40 
modified nucleotides13 protect bacteria from phages. However, the prevalence and diversity of anti-41 
phage “chemical defense” remains largely unexplored. 42 
  43 
Recent advances in genomics have enabled the prediction of genes potentially involved in natural 44 
product synthesis14–16 or anti-phage defense17–19. Here we set out to integrate these predictions to 45 
identify new anti-phage chemical defense mechanisms. The majority of microbial natural products are 46 
synthesized by metabolic pathways encoded in organized groups of operons called biosynthetic gene 47 
clusters (BGCs)14. As only 3% of predicted BGCs specify a characterized compound20, we reasoned 48 
that uncharacterized BGCs could offer a valuable reservoir of anti-phage compounds. Anti-phage 49 
systems cluster in genomic regions called defense islands21. Leveraging the colocalization of known 50 
anti-phage genes has allowed the discovery of dozens of novel anti-phage systems7. Here, we 51 
hypothesized that analyzing genomic colocalization of BGCs and defense islands could uncover BGCs 52 
with anti-phage function.        53 
 54 
Lanthipeptides are the largest and most diverse class of ribosomally synthesized and post-55 
translationally modified peptides (RiPPs), a superfamily of natural products22,23.  Lanthipeptides are 56 
synthesized from an encoded precursor peptide that undergoes posttranslational modifications 57 
catalyzed by a set of specialized enzymes, resulting in the formation of lanthionine rings23 (Fig. 1a). 58 
While the number of discovered lanthipeptides has increased in recent years, little is known about the 59 
diversity of their biological functions and whether they might be involved in anti-phage defense24. Here, 60 
we describe a novel family of lanthipeptide BGCs from Actinobacteria that colocalize with known anti-61 
phage defense systems and show they confer anti-phage activity. 62 
 63 
 64 
Results 65 
 66 
A family of class I lanthipeptide BGCs is enriched in defense islands 67 
To mine lanthipeptide BGCs located in defense islands, we analyzed 29,401 genomes from the BGC-68 
rich phylum Actinobacteria using antiSMASH25 and identified 13,701 unique BGCs predicted to be 69 
involved in lanthipeptide production. AntiSMASH employs a rule-based approach to identify various 70 
types of BGCs, and provides detailed analyses for different lanthipeptide BGC classes, including 71 
predictions of core biosynthetic enzymes, accessory enzymes, and encoded core peptides (Fig 1a). 72 
Next, we used DefenseFinder26 to detect known anti-phage defense systems within the vicinity of each 73 
BGC (+/- 23 genes, see Methods). We found 1,200 lanthipeptide BGCs located near at least one 74 
defense system (8.8% of the total). Class I lanthipeptide BGCs were more frequently found near 75 
defense systems (17.7%, overall next to 83 different defense system subtypes) compared to other 76 
classes of lanthipeptide BGCs (between 4%-5%, Fig 1b-c) similar to what is expected for a random 77 
gene (4.7%). 78 
To further characterize the diversity of class I lanthipeptide BGCs located near anti-phage systems, we 79 
built a phylogenetic tree using 1,031 representative lanthionine cyclases from class I lanthipeptide 80 
BGCs and mapped the presence of known anti-phage systems in their vicinity (Fig 1d, Supplementary 81 
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Table 1). This analysis revealed a specific clade of BGCs enriched in defense islands (defensive clade, 82 
light pink) with 26.6% BGCs located near known anti-phage systems, compared to 5.6% in other class 83 
I lanthipeptide BGCs (non-defensive clade, gray) (Fig 1d). BGCs from the defensive clade are also 84 
more frequently found on prophages or plasmids (Fig 1d, Supplementary Fig 1a). All characterized 85 
lanthipeptide BGCs from the MIBiG reference database27 (n=64) are located outside the defensive 86 
clade (Fig 1d, Supplementary Fig 1b). No additional defense-associated lanthipeptide clades were 87 
identified in other lanthipeptide classes (Supplementary Fig 1b). These findings suggest the unique 88 
emergence of a clade of class I lanthipeptide BGCs enriched in defense islands. Given that BGCs from 89 
the defensive clade are uncharacterized and associated with anti-phage defense systems, we 90 
hypothesized that they could have an anti-phage function and we therefore named them “lanthiphages”. 91 
 92 
 93 
 94 

 95 
 96 
Figure 1. Detection of a clade of class I lanthipeptide BGCs encoded in defense islands and mobile genetic elements. 97 
a. Schematic representation of lanthipeptide biosynthesis28. Lanthipeptides are produced from a genetically encoded precursor 98 
peptide, which consists of a N-terminal leader and a C-terminal core peptide. The core biosynthetic enzymes post-99 
translationally modify the core peptide by catalyzing the dehydration of serine and threonine residues, yielding respectively 100 
dehydroalanine (Dha) and dehydrobutyrine (Dhb), followed by addition of cysteine thiols onto these residues to form 101 
lanthionine (Lan) or methyllanthionine (MeLan) rings. Proteolytic cleavage of the leader peptide yields the mature bioactive 102 
lanthipeptide compound. Specific protease and/or ABC transporters are often encoded in lanthipeptide BGCs, and sometimes 103 
additional enzymes that catalyze secondary modifications. b. Differential enrichment of different lanthipeptide BGC classes 104 
located near defense systems in actinobacterial genomes. c. Representative instances of lanthiphages (in red) and their 105 
genomic context. Genes encoding known defense systems are shown in yellow. RM: restriction modification. d. Phylogenetic 106 
tree of actinobacterial class I lanthionine cyclases, rooted using lanthionine cyclases from class II lanthipeptide BGCs as an 107 
outgroup. Colored rings describe the genetic context of BGCs. For each clade, the percentage of BGCs that are located near 108 
known defense systems is presented. Pink triangles indicate characterized BGCs from the MIBiG database that synthesize 109 
nocathioamide A (BGC0002120), planosporicin (BGC0000544) and microbisporicin A2 (BGC0000529). 110 
 111 
 112 
 113 
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Expression of a native lanthiphage protects against phage infection 114 
Genomic analysis unveiled the presence of a lanthiphage in the genome of the model strain 115 
Streptomyces coelicolor M145 (Fig 2a). This lanthiphage (lanthiphage_Sco) is one of the two remaining 116 
cryptic and uncharacterized BGCs among the 27 BGCs found in this model organism29. It contains 117 
genes encoding for the typical lanthipeptide core biosynthetic enzymes, two precursor peptide genes 118 
with identical predicted core peptides and two genes for accessory proteins that have been previously 119 
described30,31(Fig 2a). 120 
 121 
 122 

 123 
 124 
Figure 2. Expression of a native lanthiphage confers anti-phage resistance in S. coelicolor. a. Schematic representation 125 
of the genomic region of S. coelicolor M145 that contains lanthiphage_Sco and the nearby conservon regulatory system Cnv8. 126 
Depicted in dark red are the predicted precursor peptide genes and genes for core biosynthetic enzymes, namely LanB-like 127 
serine/threonine dehydratase and LanC-like lanthionine cyclase. In addition, lanthiphage_Sco encodes two accessory 128 
proteins, one enzyme with L-isoaspartate O-methyltransferase (PF01135) and thiopeptide-type bacteriocin biosynthesis 129 
(PF14028) domains, and a hypothetical protein (structurally similar to tetratricopeptide-repeat proteins). Highlighted in color 130 
are residues of the core peptide that are post-translationally modified and participate in lanthionine ring formation: 131 
serine/threonine in green, cysteine in blue. b.  Plaque assay results shown for five phages from the DJones collection on the 132 
lanthiphage-expressing strain (ΔcvnF8) compared to the non-expressing WT S. coelicolor strain. Images are representative 133 
of three biological replicates. Quantifications for all phages are found in Supplementary Fig 3. c. Effect of knocking-down 134 
lanthiphage_Sco genes on the anti-phage resistance of the lanthiphage_Sco expressing strain. Using the Cumate-Based 135 
Inducible CRISPRi (CUBIC) system32, we designed guide RNA sequences (gRNA) to knock down the expression of the LanB-136 
like enzyme (strain CUBIC_DH, green bars).  Bars represent an average of three biological replicates, with individual data 137 
points overlaid. Similar results are observed using gRNA sequences that target both precursor peptide genes simultaneously 138 
(Supplementary Fig 3b). 139 
 140 
To test the hypothesis that lanthiphage_Sco has an anti-phage function, we investigated whether its 141 
native expression would confer phage resistance. A recent study demonstrated that a regulatory system 142 
known as conservon 8 (Cvn8) regulates the expression of lanthiphage_Sco located 4.3 kb 143 
downstream33 (Fig2a). Single knock-out mutants of the cnv8 operon displayed acute upregulation of 144 
the lanthiphage_Sco genes, indicating that the Cvn8 system strongly represses lanthiphage_Sco 145 
expression33. Therefore, we compared the susceptibility of lanthiphage_Sco expressing (ΔcvnF8 knock-146 
out mutant) and non-expressing (wild-type) strains against a set of diverse phages that infect S. 147 
coelicolor M145. For this purpose, we built a collection of 11 phages that infect Streptomyces species, 148 
isolated from environmental soil samples named the Djones collection (after Doris Jones, see 149 
Supplementary Text 1, see Methods, Supplementary Fig 2). Plaque assay results show a significant 150 
reduction in plaque formation in the lanthiphage_Sco expressing strain compared to the non-expressing 151 
train for 10 of 11 tested phages. (Fig2b, Supplementary Fig 3a). For instance, we observed a 5,000-152 
fold reduction of phage DJones3 titer between lanthiphage-expressing and non-expressing strains 153 
(Fig2b, Supplementary Fig 3a). To further validate the anti-phage function of lanthiphage_Sco, we 154 
knocked down the expression of lanthiphage_Sco genes in the expressing strain (either both precursor 155 
peptide genes simultaneously or the LanB-like enzyme in ΔcvnF8, see Methods). In all cases, we 156 
observed the disappearance of phage defense (Fig2c, Supplementary Fig 3a), indicating that 157 
lanthiphage_Sco expression is essential for anti-phage activity.  158 
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Genomic characterization of lanthiphages  159 
To assess the prevalence of lanthiphages beyond Actinobacteria, we detected their presence in 22,793 160 
prokaryotic genomes, including 20,540 non-actinobacterial genomes. Lanthiphages are found 161 
exclusively in Actinobacteria but distributed across diverse genera (Supplementary Fig 4). Among the 162 
analyzed genomes, 29% of Streptomyces, 57% of Salinispora and 83% of Frankia species contain 163 
lanthiphages. The number of lanthiphages per genome (Supplementary Fig 4) varies from zero to six 164 
(for instance in strain Frankia casuarinae CcI3).  165 
 166 
To investigate the diversity of lanthiphages, we built a phylogeny of all lanthiphage-associated 167 
lanthionine cyclases (n=2,064) (Fig 3a). Lanthiphages group in ten major clades (Fig 3a) and display 168 
diverse genomic architectures (Fig 3b, Supplementary Fig 5a, Supplementary Table 1). We integrated 169 
both these features (phylogeny and genomic architecture) to define seven lanthiphage types (Fig 3b, 170 
Supplementary Fig 5a, Supplementary Table 1). All lanthiphages, including lanthiphage_Sco (Fig 2a), 171 
encode the conserved LanB-like and LanC-like core enzymes, here named LphB and LphC 172 
respectively, as well as additional accessory enzymes named LphD (PF14028 domain), LphE 173 
(PF01135 domain), LphDE (fused PF14028 and PF01135 domains) and LphF (hypothetical protein) 174 
(Fig 3b). Although the functions of LphD, LphE, LphDE, and LphF are unknown, their conservation 175 
across lanthiphages and rare presence in non-defensive class I lanthipeptide BGCs (Supplementary 176 
Fig 1c) suggest they play an important role in lanthiphage biochemistry. Lanthiphages are also more 177 
frequently associated with conservon systems (3.8%) than class I lanthipeptide BGCs from the non-178 
defensive clade (0.7%) (Supplementary Fig 1d, Fig 3a).  179 
 180 
To further explore the diversity of compounds synthesized by lanthiphages, we analyzed the amino acid 181 
sequence of their predicted core peptides, which define the molecular scaffold of the produced 182 
lanthipeptides (Fig 1a). We identified 844 unique conserved core peptides encoded in lanthiphages 183 
(2018 in total), classified in 9 variants based on sequence similarity (Fig 3a,c, Supplementary Fig 5b, 184 
Supplementary Table 2, see Methods). 67 lanthiphages (predominantly from clade 9) encode multiple 185 
precursor peptide genes with distinct core peptide variants. Conservation analysis of all lanthiphage-186 
associated core peptides revealed conserved amino acid motifs absent in core peptides from non-187 
defensive class I lanthipeptide BGCs (Fig 3d). Consensus structural motifs in lanthiphage core peptide 188 
variants are described in Supplementary Fig 5c, with the motif TXDXCXXXCXXXC conserved in 57% 189 
of predicted core peptides. Since threonine, serine and cysteine residues that participate in lanthionine 190 
formation are conserved, such structural motifs might be key to their biological function. 191 
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 192 
Figure 3. Genomic characterization of lanthiphages. a. Phylogenetic tree of class I lanthipeptide BGCs from the 193 
lanthiphage family using their respective lanthionine cyclase sequences (n=2064). The sequences of lanthionine cyclases 194 
from class I lanthipeptides from the previously defined non-defensive clade were used as an outgroup. For each clade, the 195 
percentage of BGCs that are located near known defense systems is presented. Red stars indicate BGCs that were tested 196 
experimentally with confirmed anti-phage activity in this study. b. Classification of lanthiphages based on their genomic 197 
architecture and associated enzymes. c. Sequence logo representation of multiple sequence alignment of predicted core 198 
peptide variants, illustrating the relative frequency of conserved amino acids. Highlighted in color are residues that are post-199 
translationally modified and participate in lanthionine ring formation: serine/threonine in green, cysteine in blue. d. Sequence 200 
logo representation of multiple sequence alignment of predicted core peptides from class I lanthipeptide BGCs: from the 201 
lanthiphage family, and from the non-defensive clade.  202 
 203 
Diverse lanthiphages confer anti-phage defense 204 
To further investigate and validate the anti-phage function of diverse lanthiphage types with different 205 
core peptide variants, we sought to express them in a heterologous host, which is devoid of any 206 
lanthiphage. We constructed Streptomyces albus J1074 strains for the constitutive heterologous 207 
expression of four different lanthiphages detected in Streptomyces genomes, each encoding distinct 208 
predicted core peptides (red stars in Fig 4a, Supplementary Fig 6). For each tested lanthiphage, we 209 
introduced all lanthiphage genes in synthetic operons to construct lanthiphage-expressing strains, and 210 
built corresponding control strains expressing incomplete BGCs (all enzymes except precursor peptide 211 
gene and LphE when applicable, Fig 4a, Supplementary Fig 6, Supplementary Table 3). The resulting 212 
lanthiphage-expressing strains were named lanthiphage_Sma, lanthiphage_Sc3, lanthiphage_Scl, 213 
lanthiphage_Sr2, according to their species of origin.  214 
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 215 
 216 
Figure 4. Heterologous expression of lanthiphages confers anti-phage defense. a. Schematic representation of synthetic 217 
operons designed to construct strains for assessing the anti-phage activity of lanthiphages. Lanthiphages cloned are 218 
Lanthiphage_Scl (clade 2, Type 2, core peptide variant 2), Lanthiphage_Sc3 (clade 5, Type 1, core peptide variant 2), 219 
Lanthiphage_Sma and Lanthiphage_Sr2 (both clade 9, Type 5, core peptides variant 6). A control strain expresses an operon 220 
encoding an incomplete lanthiphage under the control of the constitutive promoter ErmE*. The lanthiphage-expressing strain, 221 
includes an additional operon controlled by the strong constitutive promoter KasOp* expressing the remaining genes for full 222 
BGC expression. Detailed BGC refactoring is described in Supplementary Fig 6. b. Plaque assay results shown for four phages 223 
on strain expressing either the incomplete (control strain) or the full (lanthiphage-expressing strain) lanthiphage_Sma. Images 224 
are representative of three biological replicates. c. Liquid infection assays of control and lanthiphage-expressing strains 225 
infected at a multiplicity of infection (MOI) of 0.1. Phage replication was tracked by measuring plaque forming units (PFU) per 226 
mL of culture over time after infection. Two biological replicates are presented as individual curves. Additional curves for other 227 
lanthiphages and phages are in Supplementary Fig 8. d. Fluorescence microscopy pictures of cultures infected using a green 228 
fluorescent version of the phage Pablito at MOI of 0.1. Cultures were imaged 24 h after infection. Fluorescent dots in the lower 229 
right picture, correspond to auto-fluorescence of the septa in the hyphae observed in Streptomyces colonies. e. Efficiency of 230 
plating of phages Pablito and DJones8 on the four tested lanthiphage-expressing strains and their respective non-expressing 231 
control strain. Bars represent an average of three biological replicates, with individual data points overlaid. Stars indicate 232 
statistically significant reduction of PFU/mL compared to control strain (t-test, p-value<0.05). Results for all phages of the 233 
DJones collection are found in Supplementary Fig 7.  234 
 235 
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Next, we challenged lanthiphage-expressing strains with phages from the DJones collection. The 236 
lanthiphage_Sma expressing strain shows increased resistance against 9 of 11 phages, compared to 237 
the control non-expressing strain. For example, we observed that lanthiphage_Sma expression results 238 
in a 170-fold increase in resistance against phage Pablito34 in plaque assays, but has no effect on 239 
phage DJones4 (Fig 4b, Supplementary Fig 7). This trend was confirmed by liquid infection assays (Fig 240 
4c, Supplementary Fig 8), where early inhibition of phages Verabelle, DJones2 and DJones 6 is 241 
observed in lanthiphage_Sma expressing cultures, but no inhibition of DJones4. Using fluorescence 242 
microscopy to track the replication of a fluorescent variant of phage Pablito (GFP-labeled major capsid 243 
protein), we confirm the inhibition of phage particles produced in the mycelium of lanthiphage_Sma 244 
expressing strains (Fig 4d). Finally, we demonstrate that all four tested lanthiphages provide clear anti-245 
phage activity against at least one phage in plaque assays and liquid infections compared to control 246 
strains (Fig 4e, Supplementary Fig 7, Supplementary Fig 8).  All phages from the DJones collection 247 
were inhibited by the expression of at least one tested lanthiphage, except DJones4 for which no effect 248 
was observed in all tested conditions. This indicates that lanthiphages provide protection against a 249 
subset of phages, implying a certain range of specificity in their anti-phage activity. 250 
 251 
Lanthiphage_Sco produces a novel lanthipeptide  252 
To explore the mechanism of action of lanthiphages, we assessed the production of the lanthipeptide 253 
synthesized by lanthiphage_Sco under different growth conditions using untargeted metabolomics 254 
analyses of cell extracts by liquid chromatography-mass spectrometry (LC-MS). We identified a novel 255 
[M+2H]2+ ion m/z 1114.09 corresponding to a peptide mass of 2226.17 Da in extracts of 256 
lanthiphage_Sco expressing S. coelicolor as compared to non-expressing strains (Fig 5a, 257 
Supplementary Fig 9a,b). Knocked-down expression of lanthiphage_Sco genes (precursor peptide 258 
genes or LphB), resulted in a substantial reduction of this peptide’s signal in cell extracts 259 
(Supplementary Fig 9c) further confirming that lanthiphage_Sco is involved in its production. The 260 
observed molecular mass does not match any known lanthipeptide, and that of potential products 261 
predicted from the core peptide sequences of lanthiphage_Sco, suggesting additional unknown 262 
modifications, potentially catalyzed by LphDE. Tandem MS analysis revealed fragments from the C-263 
terminal part of the core peptide and some related immonium ions (Supplementary Fig 9d), supporting 264 
that this peptide species is derived from lanthiphage_Sco. Complex MS2 patterns are consistent with 265 
the macrocyclized nature of the lanthipeptide (Supplementary Fig 9e). Overall, these results confirm 266 
the production of a novel lanthipeptide compound by lanthiphage_Sco of S. coelicolor. 267 
 268 
Lanthiphage_Sma alters phage transcription 269 
To determine whether the lanthipeptide compounds produced by lanthiphage-expressing strains are 270 
secreted and can protect susceptible non-expressing strains, we analyzed the anti-phage activity of cell 271 
extracts and spent media of recombinant lanthiphage-expressing S. albus cultures and their controls. 272 
No significant effect on phage replication or cell viability was observed from cell extracts or spent media 273 
from lanthiphage-expressing cultures compared those from control strains (Supplementary Fig 10a). 274 
While these results cannot fully rule out lanthipeptide secretion, they would be consistent with an 275 
intracellular action of the compounds produced by lanthiphages. This hypothesis is further supported 276 
by the absence of ABC transporter genes usually involved in lanthipeptide secretion28 near the 4 277 
lanthiphages tested, in line with observation that only a small fraction of all lanthiphages are located 278 
next to genes for ABC transporters (18.3% versus 63,4% in other class I lanthipeptide BGCs 279 
(Supplementary Fig 1c,e). 280 
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 281 
 282 
Figure 5. Lanthiphage_Sma alters phage transcription. a. Representative extracted ion chromatograms of a [M+2H]2+ ion 283 
corresponding to a peptide mass of 2227.2 Da present in extracts from the lanthiphage_Sco expressing strain, and absent in 284 
extracts from the non-expressing control strain, grown in solid SFM medium. Signals from three biological replicates are 285 
presented as individual curves. b. Plaque assay results shown for wild-type phage Verabelle and escaper A on 286 
lanthiphage_Sco expressing compared to the non-expressing S. coelicolor strain. Images are representative of three biological 287 
replicates. c. Location of representative mutations found in phages that escape lanthiphage defense. All isolated escaper 288 
phages harbor a mutation in a gene encoding a predicted GNAT, with a majority of single-point mutations that result in a single 289 
amino acid mutation or a premature stop codon. Single amino acid mutations are highlighted in red on the AlphaFold model 290 
of the GNAT from phage DJones2. All mutations and escaper variants are described in Supplementary Table 4. d. Schematic 291 
representation of liquid infection assays performed to assess effect of lanthiphages on phage transcription. Lanthiphage-292 
expressing and non-expressing strains were infected with the WT or escaper A variant of DJones2 at a MOI of 0.1. e. Phage 293 
plaque forming units (PFU) per mL of cultures was measured over time after infection. Curves represent the mean of three 294 
biological replicates, and the shaded area corresponds to the 95% confidence interval. Black arrows indicate time point for 295 
sample collection. Additional curves for other lanthiphages and escaper phages are in Supplementary Fig 8. f. Level of 296 
transcription of phage genes at different time points after infection of lanthiphage-expressing strains. Bars represent the mean 297 
transcripts per million of two biological replicates, and gray stacks represent the proportion of early, middle and late phage 298 
genes transcribed (see Methods). 299 
 300 
As many characterized lanthipeptides have antibacterial activity35, we tested whether lanthiphage 301 
expression affects the cell viability. We compared the growth, fitness and development of lanthiphage 302 
expressing and non-expressing strains, and observed no significant differences (Supplementary Fig 303 
10b,c,d). Since previously characterized lanthipeptides interact with cell wall and membrane 304 
components35, we hypothesized they might block phage adsorption. However, phage adsorption 305 
assays, which measure the ability of phages to attach to bacterial cells, show that lanthiphage 306 
expression does not affect phage adsorption compared to control strains (Supplementary Fig 10e). 307 
Overall, these results further support an intracellular mechanism of action following phage adsorption, 308 
directly targeting the phage cycle without being toxic to the host. 309 
To further shed light on the effect of lanthiphage-produced compounds on phage replication, we isolated 310 
multiple escaper mutants36 of four different susceptible phages from the DJones collection (DJones2, 311 
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DJones5, Vanseggelen, Verabelle) on lanthiphage-expressing S. coelicolor strain, for which we 312 
observed the highest anti-phage activity (Fig. 5b, Supplementary Fig 11a). These phage mutants also 313 
escape the effect of heterologous lanthiphage expression in recombinant S. albus strains 314 
(Supplementary Fig 11b), suggesting a common anti-phage mechanism. Genome sequencing of 15 315 
isolated escaper phages (from four different phages) shows that all have mutations in the homolog of 316 
the same gene which codes for an uncharacterized Gcn5-related N-acetyltransferase (GNAT) (four 317 
homologs that share a minimum of 82% protein sequence identity between each other) (Fig. 5c). Most 318 
mutations (12/15) consist of single-point mutations resulting in single amino acid changes or a 319 
premature stop codon (Fig. 5c, Supplementary Table 4). Recent studies have shown that phage-320 
encoded GNATs can regulate phage gene transcription, by controlling the shift between early and late 321 
gene expression37. While the predicted GNAT does not resemble previously described enzymes, we 322 
hypothesized it could impact transcriptional regulation. To test this hypothesis, we analyzed the host 323 
and phage transcriptional levels during early infection of lanthiphage_Sma expressing strains by phage 324 
DJones2 WT or escaper A (Y94C mutant) (Fig. 5d,e). While the host transcriptional program is similar 325 
during infection by WT and escaper phage (Supplementary Fig 12a), the transcriptional program of the 326 
WT phage is altered by lanthiphage expression (Fig. 5f, Supplementary Fig 12b,c). At 15 minutes post-327 
infection, the number of transcripts is comparable between both WT and escaper phages (15k per 328 
millions). However, at 30 min post-infection, WT phage transcripts were five times less abundant 329 
compared to escaper phage (Fig. 5f). When analyzing the differentially expressed genes, we observed 330 
15 times fewer transcripts of late genes in WT phages compared to escaper phages (Fig. 5f, 331 
Supplementary Fig 12b). These results indicate that lanthiphage expression inhibits global phage 332 
transcription and specifically alters the expression of late genes of the WT phage compared to the 333 
escaper phage. Quantitative PCR (qPCR) analysis of injected phage DNA shows that these differences 334 
in transcription levels occur with similar amounts of injected phage DNA in the host (Supplementary Fig 335 
12d). Our results suggest that the compounds produced by lanthiphages affect phage transcription 336 
through a mechanism dependent on a phage-encoded GNAT.  337 
 338 
 339 
Discussion 340 
Our work describes the discovery of a diverse family of >2000 lanthipeptide BGCs with anti-phage 341 
function, called lanthiphages, revealing that RiPPs can participate in anti-phage defense. We 342 
demonstrate the anti-phage function of five different lanthiphages in native or heterologous hosts. 343 
Lanthiphages are widespread in Actinobacteria but so far restricted to this phylum, which suggests that 344 
they may be adapted to the specific metabolism, multicellular lifestyle and ecological niches of this 345 
lineage. Our genomics analyses reveal a single evolutionary origin of lanthiphages from a non defensive 346 
clade of class I lanthipeptides. We uncovered unique features of lanthiphages such as the presence of 347 
specialized genes lphDEF and a shared motif in the core peptides while demonstrating the diversity of 348 
the family which we classified in seven major types. Finally, we show that lanthiphages act intracellularly 349 
by targeting phage transcription. 350 
 351 
Beyond our initial findings, many aspects of lanthiphage biology remain unexplored. Our study only 352 
examined a limited subset of lanthiphages, and other types require experimental characterization. Key 353 
questions persist regarding the chemical structure of lanthipeptides produced by lanthiphages, their 354 
diversity, and structure-to-function relationships. For example, using similar LC-MS methods on 355 
lanthiphage-expressing S. albus strains, we could not detect the presence of a specific peptide 356 
compared to controls, hence requiring more research to determine the mass of the lanthipeptides 357 
produced. The specific activity of each enzyme within these BGCs also needs further investigation. 358 
Additionally, the exact mechanisms through which lanthiphages exert their anti-phage effects are still 359 
unclear. For example, it is possible that lanthiphage-produced compounds interact with the identified 360 

.CC-BY-NC 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 June 27, 2024. ; https://doi.org/10.1101/2024.06.26.600839doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?3yrhWM
https://doi.org/10.1101/2024.06.26.600839
http://creativecommons.org/licenses/by-nc/4.0/


11 

phage GNAT, preventing the transcriptional shift between early and late phage genes, but this 361 
hypothesis requires further study. 362 
 363 
While much remains to be understood about lanthiphages, the discovery of this novel family marks a 364 
significant expansion in the number of BGCs involved in chemical defense. Our study highlights that 365 
the emergence of BGCs linked to anti-phage defense can be identified genomically through 366 
associations with defense islands. Specifically, we demonstrate a previously unknown biological role of 367 
lanthipeptides in protecting bacteria from phage infection. This discovery raises the possibility that other 368 
types of BGCs might also be involved in anti-phage defense. We hypothesize that additional anti-phage 369 
BGCs could be predicted using a similar genomic approach to the one we employed.  370 
 371 
Unveiling the function of natural products has traditionally been challenging, often requiring compound 372 
isolation or random screening assays. Our study presents a novel method that  employs genomic clues 373 
to predict  the anti-phage activity of BGCs. Whether other genomic clues could be used to predict other 374 
functions remains to be determined. Furthermore, natural products have historically been a fruitful 375 
source of clinical drugs, such as antibiotics. Our research reveals new anti-phage RiPPs. Given the 376 
recently identified conservation of anti-phage defense mechanisms between bacteria and humans, this 377 
discovery hints that bacterial natural products may offer a reservoir of novel antiviral compounds 378 
potentially usable against human pathogens.  379 
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Materials and methods 380 
 381 
Genomic detection of lanthipeptide BGCs near known defense systems and within mobile 382 
genetic elements.  383 
Genomic detection of lanthipeptide BGCs was performed using antiSMASH v6.1.125 on the 29,414 384 
genomes of Actinomycetes from the RefSeq database (all assembly qualities: complete, chromosome, 385 
scaffold and contigs). The core biosynthetic genes of each BGC were retrieved using the antiSMASH 386 
annotations (precursor lanthipeptide, dehydratase, and lanthionine cyclase genes). Anti-phage defense 387 
systems were detected using DefenseFinder26 v1.2.1 with models v1.2.3. To determine the proximity 388 
of lanthipeptide BGCs of all classes to known defense systems, we assessed the presence of a defense 389 
system within 23 genes upstream or downstream of the lanthionine cyclase of each BGC  (20 genes + 390 
3 genes for the rest of the lanthipeptide BGC). The random protein defensiveness statistic was 391 
computed by sampling 10,000 proteins using shuf. The defensiveness statistic was calculated with the 392 
same method as for the lanthionine synthetase. All lanthionine cyclase sequences were then clustered 393 
at 80% identity and 80% of coverage using MMseqs238 v13.45111. For each cluster, we computed a 394 
defense score which corresponds to the proportion of cluster members that have at least one defense 395 
system in their vicinity. To compute a defense score at the lanthipeptide class level (lanthiphage, non-396 
defensive class I lanthipeptide, class I-IV), we took the average score of all clusters belonging to that 397 
class where all the clusters have the same weight. Prophages and plasmids were detected using 398 
genomad39 v1.7.4. A lanthipeptide was considered to be inside a prophage if the cyclase was present 399 
inside the prophage boundary +- 10kb. A lanthipeptide BGC was considered to be inside a plasmid if it 400 
was present inside a replicon detected as plasmid by genomad. 401 
 402 
Detection and filtering of lanthionine cyclases. 403 
A total of 14,437 synthetase sequences were initially retrieved using the AntiSMASH tool. These 404 
sequences were then filtered based on their size, resulting in 13,815 sequences (size thresholds for 405 
each class: I: 300-550 amino acids, II: 800-1200 amino acids, III: 800-950 amino acids, and IV: 800-406 
1000 amino acids). Lanthionine cyclases were clustered using MMseqs2 with sequences identity set at 407 
80% and coverage set at 80%. This clustering process yielded 3,220 representative sequences, 408 
distributed as follows: Class I: 1,180 sequences, Class II: 703 sequences, Class III: 903 sequences, 409 
and Class IV: 434 sequences. 410 
 411 
Phylogenetic tree construction. 412 
For all the different phylogenetic trees, sequences were first aligned with muscle super5 v5.140 and 413 
trimmed using clipkit v1.3.0. Phylogenetic tree construction was performed using IQ-TREE v 2.2.3 with 414 
models finder and 2000 ultrafast bootstrap. All multiple sequence alignments and phylogenetic trees 415 
are available on Github (See Data Availability). 416 
 417 
Phylogenetic tree sequences selection 418 
The protein tree of the LANC_like domain of all lanthionine cyclase clades (Supplementary figure 1b), 419 
was built using all previously detected 3220 representative sequences (from all classes) as well as 420 
MiBIG BGC lanthionine synthetase. The MiBIG v3.1 was downloaded 421 
https://dl.secondarymetabolites.org/mibig/mibig_gbk_3.1.tar.gz on May 19 2024. Lanthionine 422 
synthetase from the MiBIG BGC were retrieved using AntiSMASH annotation.  First, we extracted the 423 
LANC_like domain (PF05147) from the 3,284 proteins. To do so, an alignment was built for each class 424 
of lanthipeptides using MAFFT. This allowed us to extract the LANC_like_domain with confidence 425 
thanks to good quality alignments. The start and end positions of the LANC_like domain (PF05147) 426 
were identified on each of these alignments using HMMER's hmmsearch41.  Once the domains were 427 
retrieved, they were realigned all together following the procedure described above (see Phylogenetic 428 
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tree construction). The class I lanthionine cyclase tree (Figure 1d, Supplementary Figure 1c) was 429 
computed using n = 1,180 representative sequences of the class I lanthionine cyclase. To root the tree 430 
a n = 30 outgroup was created by a random sampling of previously detected class II LANC_like domains 431 
(sequences available on Github). For the lanthiphage tree (Figure 3a, Supplementary Figure 5a), all 432 
homologs of LphC were used (n = 2063). To root the tree n = 20 non-lanthiphage class-I lanthionine 433 
cyclase were manually selected (sequences available on Github). 434 
 435 
Strains and growth medium.  436 
Bacterial strains and plasmids used in this work are listed in Supplementary Table 5. Streptomyces 437 
strains were routinely maintained on Soya-Flour-Mannitol (SFM) agar medium, supplemented with the 438 
antibiotics apramycin (50 µg/mL) and hygromycin (100 µg/mL) when appropriate. Experiments to study 439 
phage-bacteria interactions were done in Difco Nutrient Broth (DNB) medium supplemented with 0.5% 440 
glucose and 4 mM Ca(NO3), or  Maltose Yeast Extract (MYM) medium (4 g/L maltose, 4 g/L yeast 441 
extract, 10 g/L malt extract). 442 
 443 
Bacteriophage isolation, propagation and sequencing 444 
The isolation of bacteriophages from soil samples of different locations was carried out following the 445 
“enrichment” phage isolation protocol previously described34. Soil samples were collected in France (as 446 
part of the citizen science project ‘Science à la Pelle’42 and in the Netherlands (Leiden University). 447 
Briefly, soil samples of each location, 0.5 gram each, were added to separate 50 ml Falcon tubes 448 
containing 10 ml of DNB medium or MYM medium. To each tube, 5 µl of each spore stock of S. 449 
coelicolor, S. griseus, S. venezuelae or S. lividans were added and cultures were incubated overnight 450 
with shaking at 30°C. Cultures were then centrifuged at 4000 x g for 10 minutes, and the supernatants 451 
were filter sterilized and stored in the dark at 4°C until further use. Isolation of single phages was carried 452 
out by plating serial dilutions of filtered supernatants on DNB soft agar plates, and inoculated with 453 
approximately 108 spores of the bacterial host that was used for propagation. Plates were incubated for 454 
24-48 hours at 30°C until plaques appeared. High titer phage stocks from single plaques were obtained 455 
by picking each plaque and introducing them to 10 mL DNB broth inoculated with 10 µl of S. albus 456 
spores, and incubated overnight at 30°C with shaking. Lysates were then filtered through a 0.45 µm 457 
Millipore filter into sterile 15 ml tubes and individual viruses were stored in the dark at 4°C until further 458 
use. Consequently for each isolated phage, lysate stocks were routinely maintained by amplification 459 
using S. albus in DNB medium. DNA isolation of phages from cell lysates was performed using the 460 
Phage DNA Isolation Kit (Norgen Biotek Corp.) and quantified with a Qubit dsDNA Assay kit. Whole 461 
genome sequencing was performed by the Institut Pasteur Biomics Platform and a de novo assembly 462 
of the phage genomes was performed using SPAdes v3.15.5. The genomes of these phages were 463 
characterized (Supplementary Fig 2), and belong to the family of Arquatrovirinae. We named the 464 
collection after Doris Jones Ralston (1921-2011), a microbiologist who discovered anti-phage natural 465 
products from Actinobacteria9,10. This collection is composed of the previously described phages 466 
Pablito34, Verabelle and Vanseggelen43 and novel phages listed in Supplementary Table 5. 467 
 468 
Plaque assays 469 
Square plates containing 35 mL of either DNB soft agar (0.5% agarose (w/v)) or MYM soft agar (0.5% 470 
agarose (w/v)) were inoculated with approximately 108 spores of the strain of interest. Plates were dried 471 
and 4 µL droplets of serial dilutions of each phage were placed on the agar surface, with dilutions 472 
ranging from 10-1 to 10-7. Plates were incubated at 30°C overnight and placed at room temperature for 473 
another 24h, and plaque forming units were counted to evaluate phage replication. 474 
 475 
 476 
 477 

.CC-BY-NC 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 June 27, 2024. ; https://doi.org/10.1101/2024.06.26.600839doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?pANxxN
https://www.zotero.org/google-docs/?mN1slo
https://www.zotero.org/google-docs/?k1HMVB
https://www.zotero.org/google-docs/?BpTr3p
https://www.zotero.org/google-docs/?ntkDUy
https://doi.org/10.1101/2024.06.26.600839
http://creativecommons.org/licenses/by-nc/4.0/


14 

Knocking-down lanthipeptide producing genes 478 
For knocking down genes involved in lanthiphage production, we used the engineered Cumate-Based 479 
Inducible CRISPR interference (CUBIC) system32 in S. coelicolor. Protospacers sequences targeting 480 
the precursor peptide genes and serine/threonine dehydratase gene of the lanthiphage BGC from S. 481 
coelicolor M145 (NZ_CP042324.1) were designed using the ‘Find CRISPR’ tool of the Geneious Prime 482 
software (version 2023.2.1). The protospacer sequences were synthesized as oligos (found in 483 
Supplementary Table 6) and integrated in the vector pCB-1 by Golden Gate Assembly. Plasmids were 484 
delivered in S. coelicolor by intergeneric conjugation according to standard protocols44 in SFM medium 485 
supplemented with 10 mM MgCl2 and hygromycin.  Three resulting conjugants were picked and spore 486 
stocks were prepared on SFM plates supplemented with cumate (20 µM). Resulting vectors and strains 487 
are listed in Supplementary Table 5. To test the anti-phage resistance of knock-down strains, plaque 488 
assays were performed as previously described in DNB soft agar with 20 µM cumate.  489 
 490 
Detection of conservon systems near lanthipeptide BGCs 491 
To detect conservon systems we used MacSyFinder45 v2.1.1 with a coverage threshold of 0.4 and 492 
custom MacSymodels of the conservon system (Available on Git link). The HMM protein models of the 493 
conservon proteins were built using BLASTp46 results (50% identity 80% coverage) of Streptomyces 494 
coelicolor M145 (NZ_CP042324.1) Cnv8 proteins (Cnv8A, Cnv8B, Cnv8C, Cnv8D, CnvF8) on the 495 
RefSeq nr database. Proteins were aligned using MAFFT47 v7.505 (auto mode) and HMM profiles were 496 
created using HMMbuild48 (HMMER v3.3.2) and a GA threshold of 20 was applied to all profiles. The 497 
detection definition was to detect at least 2 genes to be detected as a conservation system. 498 
 499 
Detection of Lanthiphage on the Prokaryotic RefSeq database 500 
Genomes from the RefSeq complete genomes (n = 22,803) downloaded in July 2022 were used to 501 
determine if the lanthipeptide was present in other phyla beyond Actinomycetota. Lanthiphage were 502 
detected using custom MacsyFinder models of the lanthiphage defense systems (available on Github). 503 
This model is composed of 19 HMM profiles that were built using the results of the antiSMASH 504 
detection. 505 
 506 
Detection of domains present in Lanthiphage BGCs 507 
The different domains present in lanthipeptide class I were detected using antiSMASH25 results. The 508 
domains detected by antiSMASH were LANC_like (PF05147), Lant_dehydr_C (PF14028), 509 
Lant_dehydr_N (PF04738), PCMT (PF01135). Transporter proteins were detected using the antismash 510 
annotation where the “gene_function” is a transporter. The hypothetical protein present in several 511 
clades of lanthiphage was detected using custom HMM profiles available on the GitHub repository 512 
(https://github.com/mdmparis/lanthiphage_2024). 513 
 514 
Core Peptide sequence classification 515 
The tool antiSMASH v6.1.1 was used to define the sequences of the predicted core and leader peptides 516 
from the sequence of the precursor lanthipeptide of a given BGC. Precursors where antiSMASH did 517 
not split between leader and core peptide were compared using BLASTp against core peptide described 518 
by Walter et al.30. For each of those precursors, the best hit against the database was used to delimit 519 
the potential boundary between the leader and the core peptide. All the core peptides (antiSMASH 520 
annotated and manually delimited) were then compared using BLASTp against each other. A proximity 521 
score was calculated (the % identity divided by the % coverage). We used this proximity score to 522 
compute a distance matrix that was clustered with Louvains methods using python-louvain49 v0.16. In 523 
total, we defined 9 variants, with more than 10 representatives. The sequence logo for each variant, 524 
and for all core peptides from the defensive and non-defensive clades were generated using WebLogo50 525 
3.7.12.  526 
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 527 
Construction of Streptomyces strains for expression of defensive lanthipeptide BGCs. 528 
The sequences of the lanthiphage BGCs identified in the genomes NZ_CP015726.1 (Streptomyces sp. 529 
RTd22), NZ_JAIY01000006.1 (Streptomyces sclerotialus), NZ_LJIW01000001.1 (Streptomyces 530 
malaysiensis), NZ_FOLM01000022.1 (Streptomyces sp. CNT318) were retrieved. The original coding 531 
sequences for each BGC were refactored into 2 different synthetic operons, referred to as operon A 532 
and operon B (Supplementary Fig. 6). For operon A: all core modifying enzymes genes (except for the 533 
predicted FxlM methyltransferase) predicted by antiSMASH were kept in their natural chromosomal 534 
organization, a synthetic RBS sequence was placed before the START codon of the first enzyme, and 535 
the operon was put under the control of the constitutive ErmE* promoter. When applicable, a conserved 536 
hypothetical protein of unknown function was included when present in the native operon. For operon 537 
B: the precursor lanthipeptide gene was placed under the control of the constitutive KasOp* promoter 538 
and a synthetic RBS before its START codon; when applicable the predicted FxlM methyltransferase 539 
present in the BGC was placed after the lanthipeptide precursor gene on this same operon, with a 540 
synthetic RBS sequence. For each BGC to test, 2 vectors were cloned: one vector expressing the full 541 
lanthipeptide BGC (operons A and B), one negative control vector expressing an incomplete BGC 542 
(operon A only). The sequences of the designed operons were synthesized by Genscript and cloned 543 
into the pOJ436 cosmid vector51. Operons A were cloned into the vector at the PvuII restriction site of 544 
pOJ436, and operins B into the BglII site. These constructs were then introduced in the chromosome 545 
of the strain S. albus J1074 by conjugation from Escherichia coli S17 following standard protocols44. 546 
Three positive S. albus conjugants were screened on a growth medium supplemented with apramycin 547 
and the chromosomal integration of the BGCs was confirmed by colony PCR using the primers listed 548 
in Supplementary Table 6. 549 
 550 
Liquid infection assays 551 
Liquid cultures were done in Erlenmeyer flasks with DNB media inoculated with spores of interest at 552 
OD450 = 0.15. Cultures were incubated for 5h with shaking at 30°C, then phages were added at a 553 
multiplicity of infection (MOI) of 0.1. After infection, 1 mL of culture was sampled every 15 minutes 554 
(unless otherwise noted), immediately filter-sterilized, and stored at 4°C until use. We then assessed 555 
the number of phage particles in each sample by titrating them on DNB soft agar medium inoculated 556 
with WT S. albus J1074 spores. Plates were incubated at 30°C overnight and placed at room 557 
temperature for another 24h. Plaque forming units were counted to evaluate phage replication. 558 
 559 
Construction of fluorescent phage Pablito 560 
To construct a fluorescent version of phage Pablito, we constructed the integrative vector pGWS1803 561 
(derived from pSET15251 (Bierman, Logan et al. 1992)), which carries the gene encoding the Pablito 562 
capsid protein, fused to egfp and controlled by the gap promoter. The gap promoter was amplified from 563 
S. coelicolor M145 genomic DNA using primers Pgap_F and Pgap_R. The coding sequence for phage 564 
Pablito capsid protein was amplified from genomic DNA of MBT86 Pablito revertant using primers 565 
Pablito_CP_F and Pablito_CP_R. The egfp gene was amplified from pGWS78552 with primers 1572_P3 566 
and 1572_P4. The sequence of primers used are in Supplementary Table 6. These fragments were 567 
then cloned into EcoRI and XbaI digested pSET152 via Gibson assembly to generate pGWS1803. The 568 
resulting construct, pGWS1803, was subsequently conjugated into MBT86 Pablito revertant as 569 
described previously44. The spores of the generated exconjugants were inoculated in 10 mL of Tryptic 570 
Soy Broth with Sucrose (TSBS) and incubated overnight at 30°C with shaking. A 100 µL aliquot of this 571 
overnight culture was then transferred to 10 mL DNB containing 0.5 µg/ mL of mitomycin C and 572 
incubated again overnight under the same conditions. After incubation, the culture was filtered through 573 
a 0.22 µm filter. The filtered culture was then used for a lytic plaque assay on MBT86 strain. The plaque 574 
assay plate was incubated at 30°C for one day until plaques appeared. Subsequently, 20 mL of DNB 575 

.CC-BY-NC 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 June 27, 2024. ; https://doi.org/10.1101/2024.06.26.600839doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?Kf2o8H
https://www.zotero.org/google-docs/?vn5oez
https://www.zotero.org/google-docs/?UN945E
https://www.zotero.org/google-docs/?Gkrxlx
https://www.zotero.org/google-docs/?PQWKcr
https://doi.org/10.1101/2024.06.26.600839
http://creativecommons.org/licenses/by-nc/4.0/


16 

was added to the plaque assay plate, and the plate was gently shaken for 2 hours to recover the phages. 576 
The DNB broth containing the fluorescent phage Pablito was then filtered again through a 0.22 µm filter 577 
to obtain a single high-titer phage stock. 578 
 579 
Microscopy 580 
To image the infection of fluorescent phage Pablito (gift from Leiden University) in the strains 581 
LP_Malay_full and LP_Malay_neg, 106 spores were inoculated in 10 mL DNB medium, infected with 582 
fluorescent Pablito at MOI=0.1 and incubated overnight at 30°C with shaking. After 24 hours, confocal 583 
images were made using a Zeiss LSM900 Airyscan 2 microscope. The fluorescent phage was excited 584 
at 488 nm and monitored at 509 nm. To assess the morphology and development of Streptomyces 585 
strains, our engineered strains were grown in DNB for 24 hours at 30°C with shaking, and brightfield 586 
images were made with a Zeiss Axio Lab A1 upright microscope, equipped with an Axiocam 105 color 587 
camera. Subsequently, hyphal thickness (n=6) was measured with ImageJ. All microscopy images were 588 
processed using OMERO.  589 
 590 
Biomass assay  591 
To measure the biomass of engineered strains after phage infection, 106 spores of the strain 592 
overexpressing the lanthiphage BGC from Streptomyces sp. RTd22, or its corresponding negative 593 
control strains, were inoculated in 10 mL DNB medium at 30°C with shaking. After 5 hours of 594 
germination, phage Pablito or phage DJones3 was added at MOI=0.3. After overnight infection, the 595 
remaining biomass was recovered using a 5 µm pluriSelect cell strainer, dried and weighed.  596 
 597 
Lanthipeptide extraction and LC-MS/MS analysis 598 
Spores of the recombinant Streptomyces strains were spread on solid media (SFM or MYM) and left to 599 
grow at 30°C for 7 days. A portion of the mycelium and the media was taken using the wide extremity 600 
of a 1 mL tip and extracted with 1 mL methanol at room temperature for 4 hours. The extracts were 601 
dried by speedvac and re-suspended in 200 µL 80% acetonitrile (ACN). Ultra-high-performance liquid 602 
chromatography-MS analysis was performed on an Ultimate 3000-RSLC system (Thermo Scientific) 603 
connected to an electrospray ionization- quadrupole–time of flight instrument (Maxis II ETD, Bruker 604 
Daltonics). One µL of the extract was analyzed on a RSLC Polar Advantage II Acclaim column (2.2 μm, 605 
120 Å, 2.1 × 100 mm, Thermo Scientific) with a linear gradient (2-80 % in 15 min) of mobile phases 606 
formic acid (FA) 0.1% and LC-MS grade ACN + FA 0.08%, at 300 μL/min. The LC-MS data were 607 
collected in positive mode in the range m/z 300 - 1600, using collision-induced dissociation in data 608 
dependent auto-MS/MS mode. Targeted MS/MS were performed on the ions of interest using the MRM 609 
mode. The MS instrument was calibrated at each run start using a sodium formate solution consisting 610 
of 10 mM sodium hydroxide in isopropanol / 0.2% formic acid (1:1 v/v). The LC-MS and LC-MS/MS data 611 
were analyzed and converted to NetCDF and mgf format using DataAnalysis software (version 4.4, 612 
Bruker Daltonics) 613 
 614 
Colony morphology  615 
To determine if there are any differences in colony morphology between the negative control and 616 
lanthipeptide strains, 105 spores were spotted on MYM plates. After 7 days of incubation at 30°C, 617 
images of the edge of the colonies were made with a Zeiss SteREO Discovery.V8 stereomicroscope 618 
equipped with a Bresser MikroCam SP 5.0.  619 
 620 
Assessing anti-phage activity of spent media and cell extracts 621 
To assess the effect of spent media from lanthiphage expressing cultures, 5mL of DNB media and 622 
supplemented apramycin (50µg/mL) were inoculated with spores from lanthiphage expressing and non- 623 
expressing strains, and incubated 72h at 30°C with shaking. 1 mL of these cultures was used to 624 
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inoculate 25 mL of DNB media in Erlenmeyer flasks. After two days of incubation at 30°C with shaking, 625 
the cultures were centrifuged, and the supernatant was filtered. New cultures were inoculated in 4.5 mL 626 
of filtered supernatant and 500 µL of 10X DNB with 106 WT S.albus spores, and with or without 105 627 
phages (MOI of 0.1). Cultures were incubated overnight at 30°C with shaking. CFUs of non-infected 628 
cultures were calculated by spotting serial dilutions of cultures onto solid MYM, and PFU/ mL of infected 629 
cultures was calculated as previously described. 630 
To assess the anti-phage effect of cell extracts from expressing and non- expressing strains (prepared 631 
as previously described), 2 μL of cell extracts were added to 250 µL DNB inoculated with 106 WT 632 
S.albus spores and 105 phages (MOI of 0.1). Cultures were incubated at 30°C with shaking, and 633 
samples were taken 1 h, 2 h and 24 h after infection to quantify PFU/mL.   634 
 635 
Absorption assays 636 
Liquid cultures of 20 mL DNB medium were inoculated with 107 spores of strain of interest in an 637 
Erlenmeyer flask. Cultures were incubated at 30°C for 5h with shaking. Phages were then added at an 638 
MOI of 0.1. After infection, 100 µL samples of cultures were taken every 10 min until 1h of incubation 639 
and transferred into an Eppendorf tube containing 900 µL DNB medium. Samples were vortexed and 640 
centrifuged for 7 min at maximum speed. Supernatants were filtered, sterilized and stored at 4°C. Phage 641 
titers were determined as previously described. 642 
  643 
Isolation of phage escapees 644 
Each phage lysate was diluted and spread on the surface of soft DNB agar plates inoculated with spores 645 
of the strains S. coelicolor ΔcvnF8, to get single lysis plaques. Each lysis plaque was picked and 646 
amplified in DNB media inoculated with WT S. albus spores, by incubation at 30°C overnight with 647 
shaking. Filter sterilized lysates were used to compare the sensitivity of the amplified phages to the WT 648 
phage, by performing plaque assays on plates of WT S. coelicolor and S. coelicolor ΔcvnF8. Phages 649 
were considered as escapees when their infection was not inhibited by the lanthipeptide, as compared 650 
to the WT phage. The collected escapees were then amplified and sequenced as previously described. 651 
 652 
Transcriptomics via RNA sequencing 653 
To compare transcription of the host strains and phage DNA during infection with phage DJones2 and 654 
the escaper variant A, we performed liquid infection assays in Erlenmeyer flasks with DNB media 655 
inoculated with spores of interest at OD450 of 0.15. Cultures were incubated for 5h with shaking at 656 
30°C, then the phage of interest was added at a multiplicity of infection (MOI) of 0.1. At 15 min and 30 657 
min after infection a total of 3 OD units of cells were harvested by centrifugation at 5,000 × g and 4°C 658 
for 10 min. Cell pellets were washed twice with phosphate-buffered saline (PBS) and stored at −20°C. 659 
RNA purification, depletion of rRNA, library preparation, and sequencing were conducted by Genewiz 660 
(Leipzig, Germany). 661 
Transcriptomics data was analyzed as follows. Reads from the RNA sequencing were trimmed using 662 
trim galore (https://github.com/FelixKrueger/TrimGalore) v0.6.10 with a quality threshold of 25 and 663 
minimal length of 60 bp. RNA reads quantification was performed using salmon53 v1.10.2 resulting in 664 
both raw read counts per genes and transcript per million. Read count fold changes depending on 665 
condition were calculated using PyDESeq254 v0.4.7. Early, middle and late phage genes were 666 
characterized using the ratio of the normalized transcript per million between 15 and 30 minutes in the 667 
negative control strain. For the differential expression representation (Supplementary Figure 12a), the 668 
maximum LogFold change for visualization was set to six and the minimal adjusted p value was set to 669 
10-30. 670 
 671 
 672 
 673 
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Quantitative PCR (qPCR) 674 
Culture conditions and cell pellets were prepared as described above in “Transcriptomics via RNA 675 
sequencing”. At 15 min and 30 min after infection a total of 3 OD units of cells were harvested by 676 
centrifugation at 5,000 × g and 4°C for 10 min. Cell pellets were resuspended in 500 µL PBS, mixed 677 
with Lysing matrix B (MP Biomedicals) and disrupted mechanically using a FastPrep-24 bead-beater 678 
device (MP Biomedicals) (2 cycles of 40 s at 4 °C). Cell lysates were then centrifuged at 12,000g for 10 679 
min at 4 °C. Resulting supernatants were placed in clean tubes and DNA concentrations adjusted to 680 
10 ng/μL using Nanodrop measurements. Diluted supernatants were used as the template DNA (5 μL) 681 
for qPCR using a 2×Luna universal qPCR master mix (New England BioLabs), with 0.5 μM of primers. 682 
Primers were designed following New England BioLabs guidelines to target the amplification of a phage 683 
gene coding for a hypothetical protein of DJones2 (ID: Djones2_00013), and a housekeeping gene of 684 
S. albus coding a DNA gyrase subunit B (ID: AGI89357.1). Measurements were performed using a Bio-685 
Rad CFX96 C1000. 686 
 687 
Acknowledgements 688 
We are grateful to Matthew F. Traxler (UC Berkeley) for the gift of conservon knock-out strains, and 689 
Vincent Libis (INSERM U1284) for the gift of the strain S. albus J1074 and the pOJ436 vector. We thank 690 
Amel Abdennour, Uarda Kullolli, Katell Menard and all the participants of the project ‘Science à la Pelle’ 691 
for their contribution in the construction of the phage collection. We thank Marc Monot and Laurence 692 
Ma, from Biomics Platform (C2RT, Institut Pasteur, Paris) supported by France Génomique (ANR-10-693 
INBS-09) and IBISA, which performed phage DNA sequencing. Several bioinformatic analyses were 694 
performed on the Core Cluster of the Institut Français de Bioinformatique (IFB) (ANR-11-INBS-0013). 695 
The LC-MS data were acquired at the MNHN Bioorganic Mass Spectrometry platform. We would like 696 
to thank Mehdi Beniddir, Pedro Leao, Raquel Castelo Branco, Somayah Elsayed, Hien Le for fruitful 697 
discussions and feedback, as well as Erick Denamur and the members of INSERM U1137 for their 698 
support in the early stages of this work. We are grateful to members of the MDM lab, as well as Beatriz 699 
Beamud, Enzo Poirier, Vincent Libis, Ariel Lindner and Flora Vincent for their useful comments on 700 
earlier versions of the manuscript. 701 
 702 
Funding 703 
H.S., F.T., M.G., M.L.B., H.G., E.M. and A.B. are supported by the CRI Research Fellowship to A.B. 704 
from the Bettencourt Schueller Foundation, the MSD Avenir project “UnaDisc”, the ATIP-Avenir 705 
program from INSERM (R21042KS/RSE22002KSA), the Emergence program from Université Paris-706 
Cité (RSFVJ21IDXB6_DANA), core funding from the Pasteur Institute and ERC Starting Grant (PECAN 707 
101040529). H.S. received funding from the European Union’s Horizon 2020 research and innovation 708 
programme under the Marie Sklodowska-Curie grant agreement No 945298-ParisRegionFP.  709 
 710 
Authors contributions 711 
H.S and A.B conceptualized the project. H.S. and F.T. carried out bioinformatic and phylogenetic 712 
analyses of lanthiphages, with early assistance from E.M.; H.S. designed and constructed strains for 713 
lanthiphage expression; H.S., M.G. and V.O. performed experiments to assess anti-phage activity and 714 
mechanism of action of lanthiphages; M.G. constructed CUBIC strains and performed related 715 
experiments; H.S., Y.L. and S.Z. performed LC-MS experiments and analyzed related data; H.S., V.O. 716 
, M.L.B., H.G., and D.R. built phage collection; L.Z. constructed the fluorescent phage; H.S. and M.G. 717 
isolated and characterized phage escapers; F.T. analyzed DNAseq and RNAseq data; A.B. supervised 718 
the project. H.S., F.T., M.G. and A.B. wrote the initial version of the manuscript. All authors contributed 719 
to the design of the experiments, the discussion of the results and the final version of the manuscript. 720 
 721 
 722 

.CC-BY-NC 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 June 27, 2024. ; https://doi.org/10.1101/2024.06.26.600839doi: bioRxiv preprint 

https://journals.asm.org/doi/full/10.1128/msystems.00281-21?rfr_dat=cr_pub++0pubmed&url_ver=Z39.88-2003&rfr_id=ori%3Arid%3Acrossref.org#con6
https://doi.org/10.1101/2024.06.26.600839
http://creativecommons.org/licenses/by-nc/4.0/


19 

Competing interests  723 
H.S., F.T. and A.B. have filed a patent application EP 24305580.3. H.G. is employed by Generare 724 
Bioscience. 725 
 726 
Data availability 727 
All the data, including phylogenetic trees, HMM profiles and protein structure predictions generated with 728 
AlphaFold2, are available at https://github.com/mdmparis/lanthiphage_2024.  729 
 730 
References 731 
1. Bérdy, J. Bioactive Microbial Metabolites. J. Antibiot. (Tokyo) 58, 1–26 (2005). 732 
2. van Bergeijk, D. A., Terlouw, B. R., Medema, M. H. & van Wezel, G. P. Ecology and genomics of 733 

Actinobacteria: new concepts for natural product discovery. Nat. Rev. Microbiol. 18, 546–558 734 
(2020). 735 

3. Atanasov, A. G., Zotchev, S. B., Dirsch, V. M. & Supuran, C. T. Natural products in drug 736 
discovery: advances and opportunities. Nat. Rev. Drug Discov. 20, 200–216 (2021). 737 

4. Newman, D. J. & Cragg, G. M. Natural Products as Sources of New Drugs over the Nearly Four 738 
Decades from 01/1981 to 09/2019. J. Nat. Prod. 83, 770–803 (2020). 739 

5. Katz, L. & Baltz, R. H. Natural product discovery: past, present, and future. J. Ind. Microbiol. 740 
Biotechnol. 43, 155–176 (2016). 741 

6. Verma, R. K. & Sharma, A. Microbial Natural Products: Recent Insights into Novel Applications. in 742 
Bioactive Natural products in Drug Discovery (eds. Singh, J., Meshram, V. & Gupta, M.) 315–333 743 
(Springer, Singapore, 2020).  744 

7. Georjon, H. & Bernheim, A. The highly diverse antiphage defence systems of bacteria. Nat. Rev. 745 
Microbiol. 21, 686–700 (2023). 746 

8. Georjon, H., Tesson, F., Shomar, H. & Bernheim, A. Genomic characterization of the antiviral 747 
arsenal of Actinobacteria. Microbiology 169, 001374 (2023). 748 

9. Jones, D. & Schatz, A. Methods of Study of Antiphage Agents Produced by Microorganisms. J. 749 
Bacteriol. 52, 327–335 (1946). 750 

10. Schatz, A. & Jones, D. The Production of Antiphage Agents by Actinomycetes. Bull. Torrey Bot. 751 
Club 74, 9–19 (1947). 752 

11. Kronheim, S. et al. A chemical defence against phage infection. Nature 564, 283–286 (2018). 753 
12. Kever, L. et al. Aminoglycoside Antibiotics Inhibit Phage Infection by Blocking an Early Step of the 754 

Infection Cycle. mBio 13, e00783-22 (2022). 755 
13. Bernheim, A. et al. Prokaryotic viperins produce diverse antiviral molecules. Nature 589, 120–124 756 

(2021). 757 
14. Medema, M. H. & Fischbach, M. A. Computational approaches to natural product discovery. Nat. 758 

Chem. Biol. 11, 639–648 (2015). 759 
15. Medema, M. H., de Rond, T. & Moore, B. S. Mining genomes to illuminate the specialized 760 

chemistry of life. Nat. Rev. Genet. 22, 553–571 (2021). 761 
16. Hetrick, K. J. & van der Donk, W. A. Ribosomally synthesized and post-translationally modified 762 

peptide natural product discovery in the genomic era. Curr. Opin. Chem. Biol. 38, 36–44 (2017). 763 
17. Doron, S. et al. Systematic discovery of antiphage defense systems in the microbial pangenome. 764 

Science 359, eaar4120 (2018). 765 
18. Millman, A. et al. An expanded arsenal of immune systems that protect bacteria from phages. Cell 766 

Host Microbe 30, 1556-1569.e5 (2022). 767 
19. Gao, L. et al. Diverse enzymatic activities mediate antiviral immunity in prokaryotes. Science 369, 768 

1077–1084 (2020). 769 
20. Gavriilidou, A. et al. Compendium of specialized metabolite biosynthetic diversity encoded in 770 

bacterial genomes. Nat. Microbiol. 7, 726–735 (2022). 771 

.CC-BY-NC 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 June 27, 2024. ; https://doi.org/10.1101/2024.06.26.600839doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://doi.org/10.1101/2024.06.26.600839
http://creativecommons.org/licenses/by-nc/4.0/


20 

21. Makarova, K. S., Wolf, Y. I., Snir, S. & Koonin, E. V. Defense Islands in Bacterial and Archaeal 772 
Genomes and Prediction of Novel Defense Systems. J. Bacteriol. 193, 6039–6056 (2011). 773 

22. Arnison, P. G. et al. Ribosomally synthesized and post-translationally modified peptide natural 774 
products: overview and recommendations for a universal nomenclature. Nat. Prod. Rep. 30, 108–775 
160 (2012). 776 

23. Montalbán-López, M. et al. New developments in RiPP discovery, enzymology and engineering. 777 
Nat. Prod. Rep. 38, 130–239 (2021). 778 

24. Li, Y. & Rebuffat, S. The manifold roles of microbial ribosomal peptide-based natural products in 779 
physiology and ecology. J. Biol. Chem. 295, 34–54 (2020). 780 

25. Blin, K. et al. antiSMASH 6.0: improving cluster detection and comparison capabilities. Nucleic 781 
Acids Res. 49, W29–W35 (2021). 782 

26. Tesson, F. et al. Systematic and quantitative view of the antiviral arsenal of prokaryotes. Nat. 783 
Commun. 13, 2561 (2022). 784 

27. Terlouw, B. R. et al. MIBiG 3.0: a community-driven effort to annotate experimentally validated 785 
biosynthetic gene clusters. Nucleic Acids Res. 51, D603–D610 (2023). 786 

28. Repka, L. M., Chekan, J. R., Nair, S. K. & van der Donk, W. A. Mechanistic Understanding of 787 
Lanthipeptide Biosynthetic Enzymes. Chem. Rev. 117, 5457–5520 (2017). 788 

29. Marsh, A. J., O’Sullivan, O., Ross, R. P., Cotter, P. D. & Hill, C. In silico analysis highlights the 789 
frequency and diversity of type 1 lantibiotic gene clusters in genome sequenced bacteria. BMC 790 
Genomics 11, 679 (2010). 791 

30. Walker, M. C. et al. Precursor peptide-targeted mining of more than one hundred thousand 792 
genomes expands the lanthipeptide natural product family. BMC Genomics 21, 387 (2020). 793 

31. Acedo, J. Z. et al. O-Methyltransferase-Mediated Incorporation of a β-Amino Acid in 794 
Lanthipeptides. J. Am. Chem. Soc. 141, 16790–16801 (2019). 795 

32. Bai, C. & van Wezel, G. P. CUBIC: A Versatile Cumate-Based Inducible CRISPRi System in 796 
Streptomyces. ACS Synth. Biol. 12, 3143–3147 (2023). 797 

33. Bonet, B. et al. The cvn8 Conservon System Is a Global Regulator of Specialized Metabolism in 798 
Streptomyces coelicolor during Interspecies Interactions. mSystems 6, 10.1128/msystems.00281-799 
21 (2021). 800 

34. Ongenae, V. et al. Genome sequence and characterization of Streptomyces phage Pablito, 801 
representing a new species within the genus Janusvirus. Sci. Rep. 12, 17785 (2022). 802 

35. van Staden, A. D. P., van Zyl, W. F., Trindade, M., Dicks, L. M. T. & Smith, C. Therapeutic 803 
Application of Lantibiotics and Other Lanthipeptides: Old and New Findings. Appl. Environ. 804 
Microbiol. 87, e00186-21 (2021). 805 

36. Stokar-Avihail, A. et al. Discovery of phage determinants that confer sensitivity to bacterial 806 
immune systems. Cell 186, 1863-1876.e16 (2023). 807 

37. Ceyssens, P.-J. et al. The Phage-Encoded N-Acetyltransferase Rac Mediates Inactivation of 808 
Pseudomonas aeruginosa Transcription by Cleavage of the RNA Polymerase Alpha Subunit. 809 
Viruses 12, 976 (2020). 810 

38. Mirdita, M., Steinegger, M. & Söding, J. MMseqs2 desktop and local web server app for fast, 811 
interactive sequence searches. Bioinformatics 35, 2856–2858 (2019). 812 

39. Camargo, A. P. et al. Identification of mobile genetic elements with geNomad. Nat. Biotechnol. 1–813 
10 (2023) doi:10.1038/s41587-023-01953-y. 814 

40. Edgar, R. C. MUSCLE: multiple sequence alignment with high accuracy and high throughput. 815 
Nucleic Acids Res. 32, 1792–1797 (2004). 816 

41. Potter, S. C. et al. HMMER web server: 2018 update. Nucleic Acids Res. 46, W200–W204 (2018). 817 
42. News | ELiS Labs. https://www.elis-labs.org/news/. 818 
43. Ongenae, V. et al. Genome sequence and characterization of Streptomyces phages Vanseggelen 819 

and Verabelle, representing two new species within the genus Camvirus. Sci. Rep. 13, 20153 820 

.CC-BY-NC 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 June 27, 2024. ; https://doi.org/10.1101/2024.06.26.600839doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://doi.org/10.1101/2024.06.26.600839
http://creativecommons.org/licenses/by-nc/4.0/


21 

(2023). 821 
44. Practical Streptomyces Genetics. (Innes, Norwich, 2000). 822 
45. Néron, B. et al. MacSyFinder v2: Improved modelling and search engine to identify molecular 823 

systems in genomes. Peer Community J. 3, (2023). 824 
46. Camacho, C. et al. BLAST+: architecture and applications. BMC Bioinformatics 10, 421 (2009). 825 
47. Katoh, K. MAFFT: a novel method for rapid multiple sequence alignment based on fast Fourier 826 

transform. Nucleic Acids Res. 30, 3059–3066 (2002). 827 
48. Eddy, S. R. Accelerated Profile HMM Searches. PLOS Comput. Biol. 7, e1002195 (2011). 828 
49. Aynaud, T. taynaud/python-louvain. (2024). 829 
50. Crooks, G. E., Hon, G., Chandonia, J.-M. & Brenner, S. E. WebLogo: A Sequence Logo 830 

Generator. Genome Res. 14, 1188–1190 (2004). 831 
51. Bierman, M. et al. Plasmid cloning vectors for the conjugal transfer of DNA from Escherichia coli 832 

to Streptomyces spp. Gene 116, 43–49 (1992). 833 
52. Zhang, L. et al. The SepF-like proteins SflA and SflB prevent ectopic localization of FtsZ and 834 

DivIVA during sporulation of Streptomyces coelicolor. Biochem. Biophys. Res. Commun. 645, 79–835 
87 (2023). 836 

53. Srivastava, A., Malik, L., Sarkar, H. & Patro, R. A Bayesian framework for inter-cellular information 837 
sharing improves dscRNA-seq quantification. Bioinformatics 36, i292–i299 (2020). 838 

54. Muzellec, B., Teleńczuk, M., Cabeli, V. & Andreux, M. PyDESeq2: a python package for bulk 839 
RNA-seq differential expression analysis. Bioinformatics 39, (2023). 840 

.CC-BY-NC 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 June 27, 2024. ; https://doi.org/10.1101/2024.06.26.600839doi: bioRxiv preprint 

https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://www.zotero.org/google-docs/?sDdfjl
https://doi.org/10.1101/2024.06.26.600839
http://creativecommons.org/licenses/by-nc/4.0/

