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ABSTRACT 29 

Bacteria inhabiting competitive microbial environments must rapidly detect and neutralize 30 

antimicrobial peptides (AMPs) produced by rivals. The activation of defense pathways relies 31 

on dedicated sensors and complex regulatory cascades. Here, we uncover a streamlined, 32 

membrane-embedded mechanism in Gram-positive bacteria that directly links detection to 33 

transcriptional control. We show that a YtrA-family transcriptional repressor is regulated 34 

through an unconventional direct physical interaction with its cognate ABC transporter. In 35 

Streptococcus salivarius, the MbrAB efflux pump sequesters the YtrA-like repressor MbrR 36 

through a competitive binding mechanism. Upon bacteriocin sensing, MbrR shifts from 37 

promoter-proximal DNA repression sites to membrane-associated sequestration via interaction 38 

with MbrA, thereby activating the bacteriocin defense system. ATP binding by MbrA facilitates 39 

MbrR recruitment, whereas ATP hydrolysis promotes its release, providing a dynamic, flux-40 

responsive feedback loop finely tuned to environmental threat. Structural modeling, synteny, 41 

and conservation analyses reveal that this transporter-mediated sequestration mechanism is 42 

highly conserved across Gram-positive bacteria, suggesting a widespread and efficient strategy 43 

for AMP resistance that bypasses the need for classical sensor kinases. These findings expand 44 

the known repertoire of bacterial sensing and resistance systems and provide new insight into 45 

how Gram-positive bacteria swiftly adapt to interbacterial antagonism. 46 
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IMPORTANCE 48 

Bacteria in crowded microbial communities face constant chemical warfare, yet how they sense 49 

and counteract antimicrobial peptides (AMPs) remains incompletely understood. Here we 50 

uncover a minimalist sensing-response module in streptococci in which YtrA-family 51 

transcriptional repressors are directly regulated by their partner ABC transporters. In 52 

Streptococcus salivarius, the MbrAB transporter detects incoming bacteriocins and physically 53 

sequesters the MbrR repressor, triggering rapid induction of a multi-gene defense program. 54 

ATP binding drives MbrR capture, while hydrolysis resets the system, providing a fast, energy-55 

coupled switch that bypasses canonical two-component signaling. Comparative genomics 56 

shows that this transporter-repressor circuit is highly conserved across Bacillota, pointing to a 57 

broadly distributed and efficient strategy for AMP resistance. These findings reveal a direct 58 

physical link between membrane transport and transcriptional control, redefining how Gram-59 

positive bacteria can sense and respond to microbial threats. 60 

ONE SENTENCE SUMMARY 61 

We identify a conserved transporter-repressor module in streptococci that directly couples 62 

bacteriocin detection to transcriptional activation, revealing a minimalist and rapid mechanism 63 

for antimicrobial peptide resistance. 64 
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INTRODUCTION 66 

Microbial communities are shaped by intense competition for nutrients and spatial niches 67 

[1]. Such competition is particularly prominent in the human oral cavity, one of the most 68 

densely colonized microbial ecosystems, where bacterial species continuously engage in 69 

cooperative and antagonistic interactions [2-4]. These interactions drive community structure 70 

and stability, influencing both health and disease [4]. Among the most potent weapons deployed 71 

during microbial competition are antimicrobial peptides (AMPs) known as bacteriocins, which 72 

are widely produced across bacterial taxa [5-7]. By selectively eliminating competitors while 73 

sparing the producing strain through dedicated immunity mechanisms, bacteriocins play a 74 

central role in determining microbial population dynamics [8]. 75 

To survive in bacteriocin-rich environments, bacteria have evolved multiple resistance 76 

strategies. Some species display intrinsic resistance to specific bacteriocins, whereas 77 

susceptible populations can rapidly acquire resistance following exposure [9]. Although 78 

bacteriocin resistance mechanisms often differ mechanistically from those conferring antibiotic 79 

resistance, they converge toward similar protective strategies, including remodeling of the cell 80 

envelope, antimicrobial inactivation or sequestration, and active efflux mediated by 81 

detoxification transporters [9]. In Gram-positive bacteria, resistance frequently involves 82 

modulation of cell envelope properties, such as reduced surface charge through D-alanylation 83 

of teichoic acids [10, 11], increased cell wall thickness that restricts access to the cytoplasmic 84 

membrane [10, 12], or decreased expression of membrane receptors required for bacteriocin 85 

activity [13-15]. Additional mechanisms directly target bacteriocins through proteolytic 86 

degradation [16, 17], extracellular sequestration [18, 19], or active removal from the membrane 87 

by ATP-binding cassette (ABC) transporters [20, 21]. 88 

Despite extensive characterization of these resistance mechanisms, a fundamental question 89 

remains unresolved: how bacteria rapidly detect extracellular AMPs and coordinate this 90 
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detection with activation of defense responses. Most antimicrobial sensing pathways rely on 91 

multi-component regulatory cascades, particularly two-component systems (TCSs), which 92 

transduce extracellular signals into transcriptional responses through membrane-bound sensor 93 

kinases and cytoplasmic response regulators [22, 23]. Other regulatory circuits, including 94 

RNPP and GntR family regulators, also modulate bacteriocin production and resistance in 95 

response to environmental cues [24-26]. While these systems provide regulatory flexibility, 96 

they require multiple intermediate steps, potentially constraining the speed, sensitivity, and 97 

energetic efficiency of stress responses. Whether bacteria can directly couple antimicrobial 98 

detection to transcriptional control through more streamlined mechanisms remains largely 99 

unknown. 100 

Such efficiency is particularly critical because antimicrobial production and resistance 101 

systems often impose substantial fitness costs [27-29]. Constitutive or poorly regulated 102 

activation can compromise growth and competitive fitness, especially in densely populated 103 

ecosystems where metabolic resources are limited. These constraints create strong selective 104 

pressure for regulatory circuits capable of tightly synchronizing environmental sensing with 105 

rapid and energetically economical gene activation. Identifying such mechanisms is therefore 106 

essential to understanding how bacteria balance competitive defense with metabolic economy 107 

in complex microbial communities. 108 

Streptococcus salivarius is a dominant commensal of the human oral microbiota and 109 

contributes to maintaining microbial homeostasis within the oral cavity [2]. This species is 110 

notable for producing a remarkably diverse repertoire of bacteriocins [26, 30, 31]. Recent 111 

genomic and functional analyses revealed at least 21 distinct bacteriocin groups that are 112 

produced in various combinations among S. salivarius strains, highlighting the intense 113 

antimicrobial competition shaping its ecological niche [30]. Among these peptides, BlpK 114 

displays broad and potent activity against Gram-positive bacteria, including multidrug-resistant 115 
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pathogens [30]. The widespread distribution of BlpK among Streptococcus species, together 116 

with the limited understanding of bacteriocin resistance mechanisms in this genus [24, 32-34], 117 

provides a unique opportunity to uncover fundamental principles governing AMP sensing and 118 

defense. 119 

Here, we investigated resistance mechanisms to BlpK in Streptococcus salivarius by 120 

isolating spontaneous bacteriocin-resistant mutants and combining whole-genome sequencing 121 

with transcriptomic analyses. We identify an unconventional regulatory strategy in which a 122 

membrane-associated ABC transporter functions as both an AMP sensor and a regulatory hub. 123 

Upon bacteriocin exposure, this transporter directly interacts with and sequesters a 124 

transcriptional repressor, thereby coupling antimicrobial detection to activation of resistance 125 

genes without the involvement of canonical signal transduction pathways. These findings reveal 126 

a previously unrecognized mode of bacterial environmental sensing and suggest that 127 

transporter-mediated control of transcription may represent a widespread and efficient strategy 128 

for responding to interbacterial antagonism. 129 

RESULTS 130 

Inactivation of a YtrA-like regulator confers broad-spectrum resistance to bacteriocins 131 

To identify genetic determinants of S. salivarius involved in bacteriocin resistance, we 132 

isolated spontaneous resistant mutants using agar plates supplemented with a chemically 133 

synthesized mature form of salivaricin BlpK (sBlpK) [30]. To avoid selecting mutations that 134 

increase expression of BlpK immunity proteins, we used a derivative of strain HSISS4 lacking 135 

the entire blpK operon, including putative immunity genes (ΔblpK–blpI, hereafter referred to 136 

as the wild type) [26]. From plates containing a gradient of sBlpK concentrations (0–10 µg/ml), 137 

we isolated 19 spontaneous mutants and performed whole-genome sequencing (WGS). 138 

Genomic analysis revealed multiple single nucleotide polymorphisms (SNPs) and 139 

insertions/deletions (InDels) (Table S1). Notably, approximately 75% of the mutants carried 140 

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

The copyright holder for thisthis version posted February 18, 2026. ; https://doi.org/10.64898/2026.02.18.706565doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.18.706565
http://creativecommons.org/licenses/by-nc-nd/4.0/


7 

 

mutations in either a gene encoding a YtrA-like GntR-family transcriptional repressor, here 141 

named mbrR (multiple bacteriocin resistance regulator), or in the adjacent gene mbrB, which 142 

encodes the membrane component of a predicted ABC transporter (named MbrAB) (Fig. 1A). 143 

Five mbrR missense mutations were identified: MbrR-N49I and R72P through WGS, and S25F, 144 

A54V, and T69I through targeted sequencing of mbrR in 21 additional spontaneous mutants 145 

(Fig. 1A and Table S1). However, most of mbrR mutants contained premature stop codons, 146 

suggesting partial or complete loss of MbrR function (Table S1). In addition, two distinct 147 

mutations were identified in mbrB at adjacent positions: an MbrB-R14P substitution and an in-148 

frame serine insertion at position 15 (Fig. 1A).  149 

To evaluate the contribution of these mutated genes to sBlpK resistance, a representative 150 

allele was individually backcrossed into the wild-type background (Fig. 1B and Fig. S1). 151 

Growth assays performed in the presence and absence of sBlpK demonstrated that deletion of 152 

mbrR, the mbrB mutations, and a mutation at genomic position 1,803,533 all conferred 153 

resistance to sBlpK (Fig. 1B and Fig. S1). 154 

We next evaluated the resistance spectrum of the ΔmbrR mutant using a panel of bacteriocins 155 

(Fig. 1C) comprising 65 chemically synthesized peptides from the PARAGEN collection [35] 156 

and the five salivaricins produced by S. salivarius HSISS4 (Dataset S1). Of the 70 bacteriocins 157 

tested, approximately 20 displayed moderate to high activity against S. salivarius. In most 158 

cases, deletion of mbrR conferred resistance to these bacteriocins, indicating that MbrR controls 159 

a broad-spectrum bacteriocin resistance mechanism (Fig. 1C). In contrast, no significant 160 

differences in susceptibility were observed between wild-type and ΔmbrR strains when tested 161 

against multiple classes of antibiotics (Table S2), indicating that the MbrR-dependent resistance 162 

mechanism is largely specific to bacteriocins and does not extend to conventional antibiotics. 163 

 164 

 165 

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

The copyright holder for thisthis version posted February 18, 2026. ; https://doi.org/10.64898/2026.02.18.706565doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.18.706565
http://creativecommons.org/licenses/by-nc-nd/4.0/


8 

 

MbrR is a transcriptional repressor of a multi-component bacteriocin defense system 166 

To elucidate the regulatory mechanism underlying bacteriocin resistance, we compared the 167 

transcriptomes of wild-type and ΔmbrR mutant strains using RNA sequencing (RNA-seq). This 168 

analysis identified a set of nine genes that were significantly upregulated in the absence of mbrR 169 

(Fig. 2A and B, Table S3). Among these genes, seven encode components of three putative 170 

ABC efflux transporters (operons mbrAB, mbrCD, and mbrEFG), one encodes a flotillin-like 171 

protein (here named mbrH), and one encodes a predicted membrane-associated CaaX 172 

endoprotease (here named mbrX) (Fig. 2A). 173 

To confirm the regulatory role of MbrR in controlling these transcriptional units, each 174 

promoter was fused to luciferase reporter genes (luxAB) and chromosomally integrated at an 175 

ectopic locus. Promoter activities were then compared in the presence or absence of MbrR. The 176 

promoter of comS was used as a negative control (Fig. 2C). Deletion of mbrR resulted in a 177 

strong increase in promoter activity, ranging from approximately 5- to 100-fold across all tested 178 

promoters, confirming that MbrR functions as a transcriptional repressor of this regulon. 179 

MbrR binds in vitro to a conserved palindromic sequence  180 

To identify potential MbrR binding sites, we aligned the promoter regions of transcriptional 181 

units upregulated in the ΔmbrR mutant and identified a conserved palindromic sequence as a 182 

candidate regulatory motif (Fig. 3A and B). To further support this prediction, we used 183 

AlphaFold3 [36] to model the interaction between an MbrR dimer and the DNA sequence 184 

corresponding to the intergenic region upstream of mbrR. The predicted structure positioned 185 

the MbrR dimer directly over the inverted repeats identified in the promoter analysis (Fig. 3C 186 

and Fig. S2A). 187 

To experimentally validate MbrR binding, we performed electrophoretic mobility shift 188 

assays (EMSAs) using a 30-bp DNA fragment encompassing the inverted repeats as a probe 189 

and increasing concentrations of purified MbrR protein (Fig. 3D and E, Fig. S2B). MbrR bound 190 

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

The copyright holder for thisthis version posted February 18, 2026. ; https://doi.org/10.64898/2026.02.18.706565doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.18.706565
http://creativecommons.org/licenses/by-nc-nd/4.0/


9 

 

all probes containing the identified regulatory motif, whereas no binding was observed with the 191 

PcomS probe used as a negative control (Fig. 3D). Depending on the promoter, two distinct 192 

complexes were detected: a high-affinity complex (C1, lower band) and/or a lower-affinity 193 

complex (C2, upper band). These results suggest that MbrR may bind DNA in multiple 194 

oligomeric states in vitro, consistent with observations reported for other members of the GntR 195 

family [37, 38] (Fig. 3D and Fig. S2C). 196 

To assess binding specificity, we performed EMSAs using a mutated version of the mbrR 197 

promoter (PmbrRAB-mut) in which the highly conserved G3 and C20 residues within the 198 

palindromic motif were replaced by adenines (Fig. 3A and E). With the mutated probe, only 199 

the low-affinity complex C2 was detected, and no binding was observed at MbrR concentrations 200 

below 0.25 µM, whereas the wild-type probe exhibited detectable binding at concentrations as 201 

low as 4 nM (Fig. 3E). To evaluate the functional consequences of this mutation in vivo, we 202 

introduced a PmbrRAB-mut-luxAB reporter fusion into the wild-type background (Fig. S2D). 203 

Luciferase activity was strongly increased compared with the wild-type promoter, indicating 204 

reduced repression due to impaired MbrR binding. 205 

In addition, WGS identified a guanine-to-adenine point mutation at genomic position 206 

1,803,533 that conferred sBlpK resistance (Fig. S1 and Table S1). This mutation (C to T on the 207 

complementary strand) lies within the predicted MbrR binding site upstream of mbrCD (Fig. 208 

3A), suggesting disruption of MbrR-mediated regulation. Consistent with this hypothesis, 209 

EMSAs performed with the corresponding mutated probe (PmbrCD-mut) showed loss of the high-210 

affinity complex C1 and reduced overall binding affinity (Fig. 3E). Furthermore, in vivo 211 

luminescence measurements of the PmbrCD-mut reporter fusion in the wild-type background were 212 

significantly higher than those observed with the wild-type promoter (Fig. S2D), confirming 213 

reduced MbrR binding to the mutated regulatory sequence. 214 

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

The copyright holder for thisthis version posted February 18, 2026. ; https://doi.org/10.64898/2026.02.18.706565doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.18.706565
http://creativecommons.org/licenses/by-nc-nd/4.0/


10 

 

Together, these in vitro and in vivo results demonstrate that MbrR directly represses 215 

transcription of genes encoding the Mbr defense system through binding to a conserved 216 

palindromic promoter motif.  217 

All components of the Mbr system contribute to bacteriocin resistance 218 

To determine the contribution of individual components of the Mbr system to BlpK 219 

resistance, we generated single operon/gene deletions in a ΔmbrR background, in which the 220 

entire Mbr system is constitutively expressed. The sensitivity of each double mutant to sBlpK 221 

was then assessed using spot-on-lawn assays (Fig. 4A and Dataset S1) and growth analyses in 222 

liquid medium (Fig. 4B). Deletion of mbrCD in the ΔmbrR background restored sBlpK 223 

sensitivity to a level comparable to that of the wild-type strain, whereas deletion of other Mbr 224 

components did not significantly alter resistance (Fig. 4A and B). Notably, this observation is 225 

consistent with the previously identified mutation within the MbrR-binding site upstream of 226 

mbrCD (genomic position 1,803,533), which also confers sBlpK resistance (Fig. S1). Together, 227 

these results demonstrate that the MbrCD transporter is essential for resistance to BlpK. We 228 

next evaluated the contribution of individual Mbr components to resistance against a broader 229 

panel of bacteriocins. Resistance to specific bacteriocins was found to be component dependent 230 

(Fig. 4C and Dataset S1). Strikingly, resistance to several bacteriocins required the coordinated 231 

action of multiple Mbr components, and in some cases involved the entire system, such as 232 

resistance to plantaricin S and mutacin BHTB (Fig. 4C).  233 

Collectively, these findings indicate that the Mbr system functions as a multi-component 234 

defense module in which each element contributes to broad-spectrum bacteriocin resistance in 235 

S. salivarius. 236 

The cytoplasmic ATPase component of MbrAB sequesters MbrR 237 

Although inactivation of MbrB or the entire MbrAB transporter did not affect resistance to 238 

BlpK (Fig. 1B and Fig. 4A and B), two independent substitutions in the membrane component 239 
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MbrB conferred resistance (Fig. 1A and B), suggesting an additional regulatory role for the 240 

MbrAB transporter. To further investigate this possibility, we assessed the bacteriocin 241 

resistance profile of the mbrBR14P mutant. This mutant displayed a resistance spectrum nearly 242 

identical to that of the ΔmbrR mutant, indicating that the MbrB-R14P substitution may relieve 243 

MbrR-mediated repression (Fig. S3 and Dataset S1). To test this hypothesis, we monitored 244 

expression of the PmbrRAB-luxAB reporter fusion in the mbrBR14P background (Fig. 5A). The 245 

R14P substitution resulted in strong derepression of the mbrRAB operon. Notably, in a strain 246 

lacking the cytoplasmic ATPase MbrA (ΔmbrA, markerless deletion) but expressing MbrB-247 

R14P, mbrRAB expression returned to wild-type levels (Fig. 5A), indicating that MbrA is 248 

required for MbrR derepression. 249 

To explore potential physical interactions among MbrR, MbrA, and MbrB, we generated 250 

structural models using AlphaFold3 [36] (Fig. S4). Among the predicted complexes, 251 

MbrR2·MbrA2 tetrameric and MbrR2·MbrA2·MbrB2 hexameric assemblies (in the presence of 252 

ATP and Mg²⁺) supported a direct MbrR-MbrA interaction with high confidence scores (ipTM 253 

and pTM: ~0.9) (Fig. S4A and Fig. 5B). In contrast, models predicting direct interaction 254 

between MbrR and MbrB yielded low confidence score (ipTM and pTM: ~0.3), suggesting that 255 

MbrR primarily interacts with MbrA. Structural analysis further identified a potential salt-256 

bridge network involving MbrR residue R53 and MbrA residues D195, D210, and D212 (Fig. 257 

5B), suggesting a stabilizing interface between the two proteins. As a specificity control, we 258 

modeled equivalent complexes between MbrR and the paralogous MbrCD transporter. These 259 

models predicted weak interactions, as supported by predicted aligned error (PAE) heatmaps 260 

(Fig. S4B), indicating that MbrR-MbrA interaction is likely specific. 261 

To experimentally validate this interaction, we employed a split NanoLuc luciferase assay, 262 

which measures protein-protein interactions through reconstitution of luciferase activity from 263 

complementary inactive fragments, the large bit (Lb, 156 aa) and small bit (Sb, 11 aa) [39, 40] 264 
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(Fig. 5C). Multiple constructs were integrated at native chromosomal loci to assess MbrR-265 

MbrA interactions (Fig. 5D). As negative controls, free Lb or Sb fragments were co-expressed 266 

with Sb-MbrR or MbrA-Lb, respectively, resulting in minimal luminescence signals (Fig. 5E). 267 

Co-expression of Sb-MbrR and MbrA-Lb in the wild-type background produced a 268 

luminescence signal approximately fourfold higher than the negative control, demonstrating 269 

interaction between MbrR and MbrA (Fig. 5E). This signal was markedly reduced in the 270 

absence of MbrB, indicating that MbrB promotes or stabilizes the MbrR-MbrA interaction (Fig. 271 

5E). Strikingly, the interaction signal increased approximately eightfold in the mbrBR14P 272 

background (Fig. 5F), suggesting that the R14P substitution enhances complex formation. No 273 

significant luminescence was detected between MbrR and MbrC (Fig. 5F), confirming 274 

interaction specificity. 275 

To assess the functional relevance of the predicted salt-bridge interface, we substituted 276 

MbrA residue D195 with alanine (MbrA-D195A) (Fig. 5B). In split NanoLuc assays, this 277 

mutation significantly reduced luminescence signals in both wild-type and mbrBR14P 278 

backgrounds (Fig. 5E and F), supporting a critical role for this residue in stabilizing MbrR-279 

MbrA interaction. Consistent with these results, PmbrRAB activation assays showed that the 280 

MbrA-D195A mutation had minimal impact under basal conditions but significantly reduced 281 

operon activation in the mbrBR14P background (Fig. 5G), where MbrR recruitment to MbrA is 282 

enhanced. 283 

Together, these results demonstrate a specific and direct interaction between MbrR and the 284 

ATPase component MbrA and support a model in which MbrA functions as a regulatory partner 285 

that modulates MbrR activity through sequestration. This mechanism reveals an unconventional 286 

mode of transcriptional control mediated by an ABC transporter. 287 

 288 

 289 
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MbrAB acts as a bacteriocin sensor controlling MbrR activity 290 

Given the essential role of the MbrAB transporter in resistance to multiple bacteriocins (Fig. 291 

4C), we hypothesized that MbrAB might directly sense antimicrobial peptides and, in response, 292 

trigger sequestration of MbrR. To test this possibility, we monitored the activity of a PmbrRAB-293 

luxAB reporter fusion in wild-type and ΔmbrR backgrounds following exposure to increasing 294 

concentrations of four bacteriocins: BlpK, enterocin 1071, cereucin X, and PsnL (Fig. S5). 295 

Cereucin X and PsnL were selected based on the strong hypersensitivity of the ΔmbrAB-ΔmbrR 296 

mutant relative to the ΔmbrR mutant, suggesting that these bacteriocins may directly interact 297 

with the MbrAB transporter (Fig. 4C). 298 

Among the tested bacteriocins, PsnL and cereucin X induced significant derepression of 299 

mbrRAB expression in the wild-type background (up to ~5-fold and ~25-fold, respectively), 300 

whereas no induction was observed in the ΔmbrR strain, demonstrating MbrR-dependent 301 

regulation (Fig. S5). Cereucin X is composed of three peptides (A, B, and C), and subsequent 302 

analysis identified peptide B (cereucin X-B) as the component responsible for transcriptional 303 

derepression (Fig. S6A). Consistent with these findings, both PsnL and cereucin X-B activated 304 

multiple MbrR-controlled promoters (Fig. S6B and C). Dose-response analyses revealed that 305 

derepression of mbrRAB occurs at subinhibitory concentrations of PsnL and cereucin X-B, with 306 

minimal impact on bacterial growth (Fig. 6A and B), indicating that MbrAB-mediated sensing 307 

precedes overt antimicrobial toxicity. Importantly, bacteriocin-dependent induction was absent 308 

or strongly reduced in ΔmbrR, mbrAD195A, and mbrBR14P mutants (Fig. 6A and B and Fig. S6D 309 

and E), demonstrating that each component of the MbrRAB system is required for signal 310 

transmission. Notably, the mbrBR14P variant exhibited constitutive derepression and failed to 311 

respond to bacteriocin exposure, suggesting that this mutation locks the system in an activated 312 

state. Structural modeling supports this interpretation, predicting that the proline substitution 313 

alters the conformation and flexibility of the MbrB bacteriocin-binding cavity (Fig. S7). 314 
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To directly test whether bacteriocin sensing modulates MbrR recruitment, we quantified 315 

MbrR-MbrA interaction using split NanoLuc assays. Addition of cereucin X-B or PsnL induced 316 

a dose-dependent increase in luminescence, demonstrating that bacteriocin exposure enhances 317 

MbrR·MbrA complex formation (Fig. 6C and D). 318 

Together, these results demonstrate that MbrAB functions not only as an efflux transporter 319 

but also as a bacteriocin-responsive sensor that physically recruits MbrR in response to 320 

subinhibitory concentrations of antimicrobial peptides. This dual function reveals a direct 321 

coupling between antimicrobial detection and transcriptional regulation. 322 

ATP binding and hydrolysis by MbrA dynamically controls MbrR 323 

The above results suggest that the membrane component MbrB directly engages bacteriocins 324 

and transmits a conformational change to the cytoplasmic ATPase MbrA, which in turn recruits 325 

MbrR. To dissect the dynamics of this process, we tested whether ATP binding and hydrolysis 326 

by MbrA are required for MbrR sequestration and/or release. 327 

Structural modeling using AlphaFold3 [36] indicated a strong influence of ATP on the 328 

MbrR2·MbrA2 tetrameric complex. Inclusion of two ATP molecules increased the confidence 329 

scores (ipTM-pTM: 0.88-0.90 vs 0.52-0.59 without ATP) and promoted compaction of the 330 

MbrA dimer, suggesting that ATP stabilizes the MbrR-MbrA interface and strengthens overall 331 

complex formation (Fig. S4). 332 

To validate this experimentally, we generated MbrA mutants targeting conserved and key 333 

residues for ATP binding (MbrA-Y14A) and ATP hydrolysis (MbrA-E153A) based on prior 334 

studies of ABC transporters [41-43] (Fig. 5B). These mutations were introduced into the wild-335 

type background carrying the PmbrRAB-luxAB reporter fusion. Upon exposure to cereucin X-B or 336 

PsnL, the MbrA-Y14A mutant displayed a lower reporter induction compared to wild type, 337 

indicating that ATP binding is required for MbrR recruitment. In contrast, the MbrA-E153A 338 
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mutant exhibited strong derepression (~10-fold) even in the absence of bacteriocins, suggesting 339 

that ATP hydrolysis is necessary for MbrR release (Fig. 6A and B). 340 

Together, these findings show that MbrA dynamically controls MbrR through its ATPase 341 

cycle: ATP binding promotes MbrR recruitment, while ATP hydrolysis facilitates its 342 

subsequent release. This mechanistic insight reveals an unprecedented, energy-dependent 343 

regulatory layer in ABC transporter-mediated transcriptional control. 344 

DISCUSSION 345 

Resistance to AMPs in bacteria frequently arises through mutations in regulatory circuits 346 

that control efflux systems [28, 29, 44] or cell envelope biosynthesis pathways [12]. Although 347 

upregulation of these defense mechanisms enhances survival under antimicrobial stress, their 348 

constitutive activation typically incurs substantial fitness costs [28, 29], necessitating regulatory 349 

strategies that ensure rapid but conditional deployment [27]. 350 

In this study, we describe an unconventional regulatory paradigm in which a membrane-351 

associated ABC transporter, MbrAB, functions as both sensor and effector by mediating 352 

sequestration of the YtrA-like transcriptional repressor MbrR. This mechanism promotes 353 

derepression of the Mbr multi-bacteriocin resistance system upon AMP exposure (Fig. 7A). A 354 

notable feature of this defense module is the coordinated activation of three mechanistically 355 

distinct effectors that may function independently or synergistically depending on the 356 

biochemical nature of the antimicrobial peptide encountered. While ABC transporters and 357 

CaaX proteases are frequently associated with bacteriocin resistance systems, [9, 16] the 358 

involvement of a flotillin protein was unexpected. Flotillins are integral components of 359 

membrane microdomains and may modulate bacteriocin susceptibility indirectly, for instance 360 

by chaperoning membrane-associated proteases [45] or promoting membrane repair processes 361 

[46]. 362 
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Our data support a model in which MbrRAB represents a previously unrecognized signal 363 

transduction architecture, whereby a membrane-bound ABC transporter acts as a proxy 364 

environmental sensor and transduces antimicrobial signals through its ATP-binding and 365 

hydrolysis cycle to regulate transcription. Integrating our experimental findings with 366 

established mechanistic knowledge of ABC transporter function [47, 48], we propose that 367 

translocation of bacteriocins into the membrane cavity of MbrB induces conformational 368 

rearrangements that are transmitted to the MbrA ATPase, thereby promoting ATP binding and 369 

recruitment of MbrR to the membrane. Subsequent bacteriocin extrusion coupled to ATP 370 

hydrolysis would facilitate MbrR release, restoring basal repression and resetting the regulatory 371 

cycle (Fig. 7B). This regulatory strategy bypasses classical activation mechanisms involving 372 

direct ligand binding or covalent modification of transcription factors. Instead, it enables a 373 

rapid, reversible, and energetically efficient means of signal transmission, as ATP hydrolysis 374 

simultaneously drives antimicrobial efflux and transcriptional regulation. Interestingly, the 375 

MbrRAB system shares several conceptual features with peptide-mediated quorum-sensing 376 

pathways in Gram-positive bacteria [49], including sensitivity to extracellular peptide 377 

concentration, dose-dependent activation, and autoregulatory feedback through control of 378 

mbrRAB expression. However, in contrast to canonical quorum sensing systems, MbrRAB does 379 

not rely on a dedicated autoinducing peptide. Rather, it appears to function as a quorum-380 

responsive defensive module that senses the accumulation of AMPs produced by competing 381 

microbial populations. 382 

Comparative genomic analyses revealed that the MbrRAB system is broadly distributed 383 

among streptococci, with the notable exception of species within the sanguinis group and 384 

subsets of the mitis group (Fig. S8A). Homologs of MbrR-regulated genes, accompanied by 385 

conserved MbrR-binding motifs, were consistently identified across most streptococcal species, 386 

indicating a conserved defense strategy (Fig. S8B and Table S4). In contrast, the flotillin MbrH 387 
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and the CaaX protease MbrX appear less conserved (Fig. S8B), suggesting lineage-specific 388 

adaptation or functional redundancy. Intriguingly, MbrR-binding motifs were also identified 389 

upstream of genes encoding bacteriocin immunity peptides in some species, suggesting that 390 

MbrR may coordinate multiple layers of bacteriocin resistance (Table S4). Consistent with this 391 

hypothesis, a related YtrA-like regulator has previously been implicated in resistance to host-392 

derived antimicrobial peptides and cell envelope-targeting antibiotics in the pneumococcus 393 

[24]. Collectively, these observations support the hypothesis that the MbrRAB system functions 394 

as a general AMP-responsive regulatory module across streptococci. 395 

MbrR belongs to the YtrA subfamily within the GntR superfamily of transcriptional 396 

regulators [50]. Members of this superfamily are typically modulated by small-molecule 397 

ligands that induce conformational changes affecting DNA binding [50]. Although effector 398 

molecules have been identified for several GntR subfamilies [51-53], no ligand has yet been 399 

conclusively assigned to YtrA regulators. Structural studies suggest that YtrA proteins possess 400 

a reduced effector-binding domain, potentially precluding classical ligand-mediated regulation 401 

[50, 54, 55]. The founding YtrA regulator was characterized in Bacillus subtilis, where it 402 

participates in envelope stress responses triggered by cell wall-targeting antibiotics such as 403 

vancomycin [56]. However, vancomycin is unlikely to directly interact with cytosolic YtrA, 404 

implying the existence of an indirect sensing mechanism. Our structural modeling predicts a 405 

direct interaction between YtrA and the ATPase component YtrB of its cognate ABC 406 

transporter (Fig. 8), supporting a sequestration-based regulatory model analogous to that 407 

described here for MbrR.  408 

To further explore the conservation of this regulatory paradigm, large-scale structural and 409 

genomic analyses suggest that this regulatory principle may be widely conserved. Mining 410 

structural databases identified tens of thousands of YtrA-like proteins across bacterial phyla, 411 

predominantly within Bacillota and Actinomycetota (Fig. 8A). Genomic context analyses 412 
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revealed strong syntenic associations between YtrA-like regulators and adjacent ABC 413 

transporter genes (Fig. S9). Furthermore, structural modeling of multiple YtrA-ABC transporter 414 

ATPase complexes consistently predicted high-confidence protein-protein interactions (Fig. 415 

8B), supporting the hypothesis that transporter-mediated sequestration represents a general 416 

regulatory strategy for YtrA-controlled regulons. 417 

Together, our findings uncover a previously unrecognized mechanism of AMP resistance 418 

regulation in Gram-positive bacteria, whereby YtrA-family repressors are controlled through 419 

direct interaction with their cognate ABC transporters rather than classical ligand-mediated or 420 

post-translational mechanisms. This transporter-mediated sequestration enables rapid and 421 

selective transcriptional reprogramming in response to antimicrobial stress, providing an 422 

efficient membrane-to-transcription signaling axis. The widespread conservation of this 423 

regulatory architecture suggests that it represents a fundamental strategy by which bacteria 424 

coordinate resistance responses during interbacterial competition. Importantly, targeting 425 

transporter-repressor interactions may offer new opportunities to sensitize pathogens to host-426 

derived or probiotic antimicrobial peptides, highlighting a potential avenue for antimicrobial 427 

intervention. 428 

MATERIAL AND METHODS 429 

Bacterial strains and DNA material 430 

Bacterial strains, plasmids, synthetic DNA fragments, oligonucleotides, and PCR fragments 431 

used in this study are listed in Supplementary Tables 5, 6, 7, 8, and 9, respectively. 432 

Strain and growth conditions  433 

Streptococcus salivarius HSISS4 and its derivatives were grown without shaking at 37°C in 434 

M17G (M17 medium with 1% (w/v) glucose; Oxoid) or in CDMG (chemically defined medium 435 

with 1% (w/v) glucose) [57]. Escherichia coli TOP10 (Invitrogen) was cultivated with shaking 436 

at 37°C in Lysogenic Broth (LB) medium. Electrotransformation of E. coli was performed as 437 
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described previously [58]. Solid media inoculated with S. salivarius were incubated 438 

anaerobically using AnaeroGen packs (Thermo Fisher Scientific). When required, media were 439 

supplemented with antibiotics at the following concentrations: ampicillin (250 µg/ml), 440 

spectinomycin (200 µg/ml), chloramphenicol (5 µg/ml) or erythromycin (10 µg/ml). 441 

Strain construction by natural transformation 442 

S. salivarius HSISS4 and its derivatives were transformed with Gibson assembly or PCR 443 

products for the generation of mutant strains. PCR with the Q5 polymerase (NEB #M0491L) 444 

was used to amplify all DNA fragments, following the manufacturer’s recommended protocol. 445 

To induce natural transformation, an overnight CDMG preculture was diluted in 500 μl of fresh 446 

CDMG at a final OD600 of 0.05 and incubated for 135 min at 37°C. Then, 1 µM of XIP and 447 

linear DNA were added to the culture, and cells were further incubated for 3 h at 37°C before 448 

plating on M17G agar supplemented with appropriate antibiotics. For the back-transformation 449 

of SNP/InDel, a co-transformation procedure of two DNA fragments was performed to avoid 450 

inserting a resistance cassette close to the mutation. The first donor DNA was a fragment 451 

containing the specific mutation. The second DNA acted as a tracer of transformation events as 452 

it contains a spectinomycin resistance cassette for insertion at an ectopic locus (tRNAser). The 453 

transformants were selected on spectinomycin and co-transformation events were screened by 454 

PCR. All constructions were verified by DNA sequencing. 455 

Peptide solubilization 456 

Synthetic pheromone peptide XIP (LPYFAGCL; purity of 95 %) and sBI7 (LPFWLILG; purity 457 

of 95%) were resuspended in water at 500 µM and used at a concentration of 1 µM. Synthetic 458 

bacteriocins from the PARAGEN collection [35] were provided by Syngulon (Seraing, 459 

Belgium) and resuspended in water at 1 mg/ml. Salivaricins not supplied by Syngulon were 460 

resuspended in DMSO at 100 µM. All peptides were ordered at Peptide2.0 Inc. (Chantilly, VA, 461 

USA). 462 
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Isolation of resistance mutants to sBlpK 463 

To isolate resistant mutants from S. salivarius HSISS4 (ΔblpK–blpI), 300 µl of an overnight 464 

preculture was spread onto M17G agar plates containing a gradient of synthetic BlpK (sBlpK) 465 

ranging from 0 to 10 µg/ml. Plates were incubated overnight at 37°C. Colonies growing within 466 

the sBlpK gradient were subsequently isolated by streaking onto fresh M17G agar plates. 467 

Individual colonies were picked using sterile toothpicks, inoculated into 1 ml of liquid M17G 468 

medium, and incubated overnight at 37 °C. Cultures were then frozen at –80°C for long-term 469 

preservation. 470 

Luciferase expression assays 471 

Overnight cultures were diluted in CDMG to reach a final OD600 of 0.05. Subsequently, 300 µl 472 

of these culture samples were placed in the wells of a sterile covered white microplate with a 473 

transparent bottom (Greiner, Alphen a/d Rijn, The Netherlands). When required, cultures were 474 

supplemented with synthetic peptides. Growth (OD600) and luciferase activity (Relative Light 475 

Units, RLU) were measured every 10 minutes for 24 hours using a multi-well plate reader 476 

(Hidex Sense, Hidex, Turku, Finland), following the methodology previously described [59].  477 

Split NanoLuc assays 478 

Overnight cultures were diluted 2:100 in CDMG and incubated at 37°C for 4 hours. Then, 479 

cultures were diluted to reach a final OD600 of 0.02. Subsequently, 285 µl of these culture 480 

samples were placed in the wells of a sterile covered white microplate with a transparent bottom 481 

(Greiner) and 15 µl of Nano-Glo Live Cell Substrate (5% of substrate mixed with 95% Nano-482 

Glo LCS Dilution Buffer; Promega, Walldorf, Germany) were added to each well. When 483 

required, cultures were supplemented with synthetic peptides. Growth and luciferase activity 484 

were measured as reported above. 485 

 486 

 487 
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Whole Genome Sequencing and data processing 488 

S. salivarius HSISS4 (ΔblpK–blpI) and its spontaneous resistant mutants were pre-cultured 489 

overnight in 2 ml of CDMG medium at 37 °C. Genomic DNA (gDNA) was extracted using the 490 

GenElute Bacterial Genomic DNA kit (NA2110, Sigma-Aldrich), following the manufacturer’s 491 

instructions. A total of 19 gDNA samples were submitted to Genewiz (Azenta Life Sciences, 492 

Leipzig, Germany) for short-read, non-human whole-genome sequencing. FASTQ files were 493 

provided for each sample. Sequencing data were uploaded to the Galaxy web platform [60], 494 

and genomic variants were identified using the snippy tool by aligning reads to the reference 495 

genome. 496 

RNAseq and data processing 497 

S. salivarius HSISS4 (ΔblpK–blpI) and its ΔmbrR mutant were pre-cultured overnight in 498 

CDMG medium at 37°C. Cultures were then diluted to an OD600 of 0.05 in 50 ml of fresh 499 

CDMG and grown at 37 °C to mid-exponential phase (OD600 of 0.6). Cells were harvested by 500 

centrifugation at 2,200 × g for 5 minutes and resuspended in 6 ml of PBS. One milliliter of this 501 

suspension was centrifuged again (2,200 × g, 5 minutes), and total RNA was extracted using 502 

the RNeasy Mini Kit (QIAGEN), following the manufacturer’s instructions. RNA integrity was 503 

assessed using an RNA Nano chip on a Bioanalyzer (Agilent Technologies). 504 

Two biological replicates of each strain were provided to Genewiz (Azenta Life Sciences, 505 

Leipzig, Germany) for strand-specific RNA sequencing. The resulting BAM files were 506 

analyzed using the RNA-seq quantitation pipeline in SeqMonk (version 1.48.1; Babraham 507 

Bioinformatics, UK) to quantify read counts per coding sequence (CDS). Differential 508 

expression analysis was performed using the EdgeR statistical filter. Genes were considered 509 

differentially expressed if they exhibited an adjusted P value < 0.05 and an absolute log₂ fold 510 

change ≥ 1.5 (upregulated) or ≤ –1.5 (downregulated). 511 

 512 
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Spot-on lawn assays for bacteriocin activity 513 

To assess bacteriocin sensitivity, a two-layer agar assay was performed. A first 30-ml feeding 514 

layer of M17G-1.5% agar (w/v) was poured into a Petri dish. Once solidified, a second 15-ml 515 

layer of M17G-0.3% agar (w/v) supplemented with 800 µl of an overnight culture of the 516 

indicator strain was poured on the top. After solidification, 2 µl of chemically synthesized 517 

bacteriocins were spotted onto the surface of the top layer. Plates were incubated overnight at 518 

37°C under anaerobic conditions. Except when specifically indicated, strain HSISS4 ΔblpK–519 

blpI was used as indicator strain in all experiments. 520 

Minimum inhibitory concentration (MIC) determination 521 

MICs were determined using a two-fold serial dilution method across 11 concentrations of the 522 

tested antibiotic. Overnight cultures were diluted to a final OD600 of 0.05 in M17G medium 523 

containing the antibiotic at the defined concentrations. Aliquots of 300 µl were transferred into 524 

the wells of a transparent-bottom 96-well microplate (Greiner). Plates were incubated at 37°C 525 

for 20 hours. Following incubation, OD600 was measured using a multi-well plate reader (Hidex 526 

Sense, Hidex, Turku, Finland). MIC values were determined based on three technical replicates 527 

per antibiotic concentration. 528 

MbrR purification 529 

The PCR fragment encoding MbrR-StrepTag (StrepTag at C-ter) was cloned into the pGIR311 530 

vector (pBAD derivative) [61]. This plasmid was electroporated into E. coli TOP10. A 25-ml 531 

preculture of the recombinant strain was inoculated into 1 L of pre-warmed LB containing 532 

ampicillin and incubated at 42°C with continuous shaking. When the culture reached an OD600 533 

of ~ 0.4, it was incubated on ice for 10 minutes. Then, protein expression was induced by adding 534 

L-arabinose to a final concentration of 0.1% (w/v). After 4 hours of induction at 30°C with 535 

continuous shaking, bacteria were harvested by centrifugation at 2,200 × g for 10 minutes, and 536 

the pellet was washed in 40 ml of cold buffer W (100 mM Tris pH 8.0, 150 mM NaCl, 1 537 
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mM EDTA, pH 7.5). The pellet was then resuspended in 20 ml of cold buffer W supplemented 538 

with 1mg/ml of lysozyme and incubated on ice for 30 minutes. The cells were sonicated at 4°C 539 

(Vibra cell, Bioblock Scientific), followed by the addition of DNase I (2.5 µg/ml) and MgCl2 540 

(1 mM), and further incubation on ice for 30 minutes. The soluble fraction was collected by 541 

centrifugation at 23,300 × g for 20 min at 4°C. Finally, the recombinant Strep-tagged MbrR 542 

protein was then purified on a 1 ml Strep-Tactin XT 4Flow column (IBA BioTAGnology, 543 

Göttingen, Germany) according to the manufacturer’s instructions. Elution fractions containing 544 

MbrR were pooled and applied to a Superdex Peptide 10/300 GL size-exclusion 545 

chromatography column (Cytiva) equilibrated with buffer W. 546 

Electrophoretic Mobility Shift Assay  547 

Double-stranded DNA fragments (30 bp) were generated by annealing single-stranded 548 

oligonucleotides (Table S8), with Cy3 labeling at the 5' end of one strand and the other strand 549 

remaining unlabeled. The binding reaction (20 µl) included 8 µl of binding buffer (20 mM Tris-550 

HCl pH 7.5, 150 mM NaCl, 1 mM EDTA, 1 mM DTT, 10% glycerol, 1 mg/ml BSA), 40 ng of 551 

a labeled probe, 1 µg of poly-dIdC, and serial dilutions 2:2 or 1:4 from 2 or 4 µM of purified 552 

Strep-Tagged MbrR, respectively. The reaction was incubated at 37°C for 10 minutes before 553 

loading the samples onto a native 4–20% gradient gel (iD PAGE Gel; Eurogentec, Belgium). 554 

Gel electrophoresis was performed at 120 V for approximately 90 minutes in MOPS buffer 555 

(Tris-base 50 mM pH 7.7, MOPS 50 mM, EDTA 1 mM). DNA complexes were visualized on 556 

a fluorescent image analyzer (Amersham Typhoon; GE Healthcare Bio-Sciences AB; Sweden). 557 

Bioinformatic tools 558 

Structure predictions were obtained with AlphaFold3 [36] and corresponding figures were 559 

generated using PyMol [62] or ChimeraX [63]. 560 

MbrR binding site logo was created by aligning sequences with the MEME suite online 561 

software [64]. 562 
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For phylogenic studies in streptococci, alignment of MbrR sequences was generated using 563 

Clustal OMEGA [65]. In parallel, tBLASTn homology searches with default settings were 564 

performed on nine selected species of streptococci to identify homologous proteins of the MbrR 565 

regulon. Then, upstream promoter regions of identified genes were manually examined to 566 

uncover MbrR-binding sites.  567 

Large-scale structural analyses of the YtrA family was performed with software AFDB clusters 568 

[66]. The synteny of the mbrR locus across various streptococci and members of Bacillota was 569 

analyzed using the online tool SyntTax [67]. 570 

DATA AVAILABILITY STATEMENT 571 

All data generated or analyzed during this study are included in this published article and 572 

supplementary files. All WGS data have been stored in the ENA database under accession 573 

number PRJEB106241. RNA-seq data are accessible from the GEO database under accession 574 

number GSE318898. The source data underlying the figures and supplementary figures can be 575 

found in Supplementary Dataset 1 and 2.  576 

ACKNOWLEDGMENTS 577 

We warmly thank Philippe Gabant from the Syngulon company who shared synthetic 578 

bacteriocins with us from the PARAGEN Collection. The work of PH was supported by the 579 

Belgian National Fund for Scientific Research (FNRS, grants PDR T.0110.18/T.0111.22 and 580 

CDR J.0090.21), the Concerted Research Actions (ARC, grants 17/22-084 and 22/27-120) from 581 

Federation Wallonia-Brussels. JD held a doctoral fellowship from FNRS (FRIA fellowship). 582 

LP held a doctoral fellowship from FNRS (FNRS-ASP). JM received funding from the 583 

European Union’s Horizon 2020 research and innovation program (Marie Skłodowska-Curie 584 

grant N° 101018461). PH is Research Director at the FNRS. 585 

 586 

 587 

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

The copyright holder for thisthis version posted February 18, 2026. ; https://doi.org/10.64898/2026.02.18.706565doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.18.706565
http://creativecommons.org/licenses/by-nc-nd/4.0/


25 

 

AUTHOR’S CONTRIBUTION 588 

J.D., L.P., J.M., and P.H.; conception and design. J.D., L.P., C.C.; acquisition of data. J.D., 589 

J.M., and P.H.; analysis and interpretation of data. J.D., J.M., and P.H.; draft or revising the 590 

manuscript. All authors read and approved the final manuscript. 591 

COMPETING INTERESTS 592 

The authors declare no competing interests. 593 

SUPPLEMENTAL INFORMATION 594 

Supplemental information includes 9 figures, 9 tables, and 2 datasets. 595 

  596 

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

The copyright holder for thisthis version posted February 18, 2026. ; https://doi.org/10.64898/2026.02.18.706565doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.18.706565
http://creativecommons.org/licenses/by-nc-nd/4.0/


26 

 

REFERENCES 597 

1. Hibbing ME, Fuqua C, Parsek MR, Peterson SB. Bacterial competition: Surviving and 598 

thriving in the microbial jungle. Nature Reviews Microbiology. 2010;8(1):15-25. doi: 599 

10.1038/nrmicro2259. 600 

2. Delorme C, Abraham A-L, Renault P, Guédon E. Genomics of Streptococcus salivarius, 601 

a major human commensal. Infection, genetics and evolution : journal of molecular 602 

epidemiology and evolutionary genetics in infectious diseases. 2015;33:381-92. doi: 603 

10.1016/j.meegid.2014.10.001. 604 

3. Huang R, Li M, Gregory RL. Bacterial interactions in dental biofilm. Virulence. 605 

2011;2(5):435-44. doi: 10.4161/viru.2.5.16140. 606 

4. Sedghi L, DiMassa V, Harrington A, Lynch SV, Kapila YL. The oral microbiome: Role 607 

of key organisms and complex networks in oral health and disease. Periodontology 2000. 608 

2021;87(1):107-31. doi: 10.1111/prd.12393. 609 

5. Dobson A, Cotter PD, Paul Ross R, Hill C. Bacteriocin production: A probiotic trait? 610 

Applied and Environmental Microbiology. 2012;78(1):1-6. doi: 10.1128/AEM.05576-11. 611 

6. Riley MA. Bacteriocin-Mediated Competitive Interactions of Bacterial Populations and 612 

Communities. Prokaryotic Antimicrobial Peptides. 2011:13-26. doi: 10.1007/978-1-4419-613 

7692-5_2. 614 

7. Tagg JR, Harold LK, Jain R, Hale JDF. Beneficial modulation of human health in the 615 

oral cavity and beyond using bacteriocin-like inhibitory substance-producing streptococcal 616 

probiotics. Frontiers in microbiology. 2023;14(March):1161155-. doi: 617 

10.3389/fmicb.2023.1161155. 618 

8. Kommineni S, Bretl DJ, Lam V, Chakraborty R, Hayward M, Simpson P, et al. 619 

Bacteriocin production augments niche competition by enterococci in the mammalian 620 

gastrointestinal tract. Nature. 2015;526(7575):719-22. doi: 10.1038/nature15524. 621 

9. de Freire Bastos MDC, Varella Coelho ML, da Silva Santos OC. Resistance to 622 

bacteriocins produced by gram-positive bacteria. Microbiology (United Kingdom). 623 

2015;161(4):683-700. doi: 10.1099/mic.0.082289-0. 624 

10. Kramer NE, Hasper HE, van den Bogaard PTC, Morath S, de Kruijff B, Hartung T, et 625 

al. Increased D-alanylation of lipoteichoic and a thickened septum are main determinants in the 626 

nisin resistance mechanism of Lactococcus lactis. Microbiology. 2008;154(6):1755-62. doi: 627 

10.1099/mic.0.2007/015412-0. 628 

11. McBride SM, Sonenshein AL. The dlt operon confers resistance to cationic 629 

antimicrobial peptides in Clostridium difficile. Microbiology. 2011;157(5):1457-65. doi: 630 

10.1099/mic.0.045997-0. 631 

12. Jaumaux F, Petit K, Martin A, Rodriguez-Villalobos H, Vermeersch M, Perez-Morga 632 

D, et al. Selective Bacteriocins: A Promising Treatment for Staphylococcus aureus Skin 633 

Infections Reveals Insights into Resistant Mutants, Vancomycin Resistance, and Cell Wall 634 

Alterations. Antibiotics. 2023;12(6):947-. doi: 10.3390/antibiotics12060947. 635 

13. Gravesen A, Ramnath M, Rechinger KB, Andersen N, Jänsch L, Héchard Y, et al. High-636 

level resistance to class IIa bacteriocins is associated with one general mechanism in Listeria 637 

monocytogenes. Microbiology. 2002;148(8):2361-9. doi: 10.1099/00221287-148-8-2361. 638 

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

The copyright holder for thisthis version posted February 18, 2026. ; https://doi.org/10.64898/2026.02.18.706565doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.18.706565
http://creativecommons.org/licenses/by-nc-nd/4.0/


27 

 

14. Kjos M, Nes IF, Diep DB. Mechanisms of resistance to bacteriocins targeting the 639 

mannose phosphotransferase system. Applied and Environmental Microbiology. 640 

2011;77(10):3335-42. doi: 10.1128/AEM.02602-10. 641 

15. Opsata M, Nes IF, Holo H. Class IIa bacteriocin resistance in Enterococcus faecalis 642 

V583: The mannose PTS operon mediates global transcriptional responses. BMC 643 

Microbiology. 2010;10(1). doi: 10.1186/1471-2180-10-224. 644 

16. Khosa S, Lagedroste M, Smits SHJ. Protein defense systems against the lantibiotic nisin: 645 

Function of the immunity protein NisI and the resistance protein NSR. Frontiers in 646 

Microbiology. 2016;7(APR):1-9. doi: 10.3389/fmicb.2016.00504. 647 

17. Sun Z, Zhong J, Liang X, Liu J, Chen X, Huan L. Novel mechanism for nisin resistance 648 

via proteolytic degradation of nisin by the nisin resistance protein NSR. Antimicrobial Agents 649 

and Chemotherapy. 2009;53(5):1964-73. doi: 10.1128/AAC.01382-08. 650 

18. Kuipers OP, Beerthuyzen MM, Siezen RJ, De Vos WM. Characterization of the nisin 651 

gene cluster nisABTCIPR of Lactococcus lactis Requirement of expression of the nisA and nisI 652 

genes for development of immunity. European Journal of Biochemistry. 1993;216(1):281-91. 653 

doi: 10.1111/j.1432-1033.1993.tb18143.x. 654 

19. Reis M, Eschbach-Bludau M, Iglesias-Wind MI, Kupke T, Sahl HG. Producer immunity 655 

towards the lantibiotic Pep5: Identification of the immunity gene pepI and localization and 656 

functional analysis of its gene product. Applied and Environmental Microbiology. 657 

1994;60(8):2876-83. doi: 10.1128/aem.60.8.2876-2883.1994. 658 

20. Collins B, Curtis N, Cotter PD, Hill C, Ross RP. The ABC transporter AnrAB 659 

contributes to the innate resistance of Listeria monocytogenes to nisin, bacitracin, and various 660 

β-lactam antibiotics. Antimicrobial Agents and Chemotherapy. 2010;54(10):4416-23. doi: 661 

10.1128/AAC.00503-10. 662 

21. Hiron A, Falord M, Valle J, Débarbouillé M, Msadek T. Bacitracin and nisin resistance 663 

in Staphylococcus aureus: A novel pathway involving the BraS/BraR two-component system 664 

(SA2417/SA2418) and both the BraD/BraE and VraD/VraE ABC transporters. Molecular 665 

Microbiology. 2011;81(3):602-22. doi: 10.1111/j.1365-2958.2011.07735.x. 666 

22. Kreth J, Merritt J, Shi W, Qi F. Co-ordinated bacteriocin production and competence 667 

development: A possible mechanism for taking up DNA from neighbouring species. Molecular 668 

Microbiology. 2005;57(2):392-404. doi: 10.1111/j.1365-2958.2005.04695.x. 669 

23. Kuipers OP, Beerthuyzen MM, De Ruyter PGGA, Luesink EJ, De Vos WM. 670 

Autoregulation of nisin biosynthesis in Lactococcus lactis by signal transduction. Journal of 671 

Biological Chemistry. 1995;270(45):27299-304. doi: 10.1074/JBC.270.45.27299. 672 

24. Majchrzykiewicz JA, Kuipers OP, Bijlsma JJE. Generic and specific adaptive responses 673 

of Streptococcus pneumoniae to challenge with three distinct antimicrobial peptides, bacitracin, 674 

LL-37, and nisin. Antimicrobial Agents and Chemotherapy. 2010;54(1):440-51. doi: 675 

10.1128/AAC.00769-09. 676 

25. Mignolet J, Cerckel G, Damoczi J, Ledesma-Garcia L, Sass A, Coenye T, et al. Subtle 677 

selectivity in a pheromone sensor triumvirate desynchronizes competence and predation in a 678 

human gut commensal. eLife. 2019;8. doi: 10.7554/eLife.47139. 679 

26. Mignolet J, Fontaine L, Sass A, Nannan C, Mahillon J, Coenye T, et al. Circuitry 680 

Rewiring Directly Couples Competence to Predation in the Gut Dweller Streptococcus 681 

salivarius. Cell Reports. 2018;22(7):1627-38. doi: 10.1016/j.celrep.2018.01.055. 682 

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

The copyright holder for thisthis version posted February 18, 2026. ; https://doi.org/10.64898/2026.02.18.706565doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.18.706565
http://creativecommons.org/licenses/by-nc-nd/4.0/


28 

 

27. Fernández L, Hancock REW. Adaptive and mutational resistance: Role of porins and 683 

efflux pumps in drug resistance. Clinical Microbiology Reviews. 2012;25(4):661-81. doi: 684 

10.1128/CMR.00043-12. 685 

28. Puértolas-Balint F, Warsi O, Linkevicius M, Tang PC, Andersson DI. Mutations that 686 

increase expression of the EmrAB-TolC efflux pump confer increased resistance to nitroxoline 687 

in Escherichia coli. Journal of Antimicrobial Chemotherapy. 2020;75(2):300-8. doi: 688 

10.1093/jac/dkz434. 689 

29. Sánchez P, Linares JF, Ruiz-Díez B, Campanario E, Navas A, Baquero F, et al. Fitness 690 

of in vitro selected Pseudomonas aeruginosa nalB and nfxB multidrug resistant mutants. 691 

Journal of Antimicrobial Chemotherapy. 2002;50(5):657-64. doi: 10.1093/jac/dkf185. 692 

30. Damoczi J, Knoops A, Martou M-S, Jaumaux F, Gabant P, Mahillon J, et al. Uncovering 693 

the arsenal of class II bacteriocins in salivarius streptococci. communications biology. 2024:1-694 

36. doi: 10.1038/s42003-024-07217-y. 695 

31. Hols P, Ledesma-García L, Gabant P, Mignolet J. Mobilization of Microbiota 696 

Commensals and Their Bacteriocins for Therapeutics. Trends in microbiology. 2019;0(0). doi: 697 

10.1016/j.tim.2019.03.007. 698 

32. Khosa S, AlKhatib Z, Smits SHJ. NSR from Streptococcus agalactiae confers resistance 699 

against nisin and is encoded by a conserved nsr operon. Biological Chemistry. 700 

2013;394(11):1543-9. doi: 10.1515/hsz-2013-0167. 701 

33. Mücke PA, Ostrzinski A, Hammerschmidt S, Maaß S, Becher D. Proteomic adaptation 702 

of streptococcus pneumoniae to the antimicrobial peptide human beta defensin 3 (Hbd3) in 703 

comparison to other cell surface stresses. Microorganisms. 2020;8(11):1-9. doi: 704 

10.3390/microorganisms8111697. 705 

34. Sadaoka N, Le MNT, Kawada-Matsuo M, Eng S, Zendo T, Nakanishi J, et al. Opposing 706 

genetic polymorphisms of two ABC transporters contribute to the variation of nukacin 707 

resistance in Streptococcus mutans. Applied and Environmental Microbiology. 2024;90(3). doi: 708 

10.1128/aem.02084-23. 709 

35. Gabant P, Borrero J. PARAGEN 1.0: A standardized synthetic gene library for fast cell-710 

free bacteriocin synthesis. Frontiers in Bioengineering and Biotechnology. 2019;7(SEP):1-5. 711 

doi: 10.3389/fbioe.2019.00213. 712 

36. Abramson J, Adler J, Dunger J, Evans R, Green T, Pritzel A, et al. Accurate structure 713 

prediction of biomolecular interactions with AlphaFold 3. Nature. 2024;630(8016):493-500. 714 

doi: 10.1038/s41586-024-07487-w. 715 

37. Bandera AM, Bartho J, Lammens K, Drexler DJ, Kleinschwärzer J, Hopfner KP, et al. 716 

BusR senses bipartite DNA binding motifs by a unique molecular ruler architecture. Nucleic 717 

Acids Research. 2021;49(17):10166-77. doi: 10.1093/nar/gkab736. 718 

38. Vigouroux A, Meyer T, Naretto A, Legrand P, Aumont-Nicaise M, Di Cicco A, et al. 719 

Characterization of the first tetrameric transcription factor of the GntR superfamily with 720 

allosteric regulation from the bacterial pathogen Agrobacterium fabrum. Nucleic Acids 721 

Research. 2021;49(1):529-46. doi: 10.1093/nar/gkaa1181. 722 

39. Dixon AS, Schwinn MK, Hall MP, Zimmerman K, Otto P, Lubben TH, et al. NanoLuc 723 

Complementation Reporter Optimized for Accurate Measurement of Protein Interactions in 724 

Cells. ACS Chem Biol. 2016;11(2):400-8. doi: 10.1021/acschembio.5b00753. 725 

40. Gallay C, Sanselicio S, Anderson ME, Soh YM, Liu X, Stamsås GA, et al. CcrZ is a 726 

pneumococcal spatiotemporal cell cycle regulator that interacts with FtsZ and controls DNA 727 

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

The copyright holder for thisthis version posted February 18, 2026. ; https://doi.org/10.64898/2026.02.18.706565doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.18.706565
http://creativecommons.org/licenses/by-nc-nd/4.0/


29 

 

replication by modulating the activity of DnaA. Nature Microbiology. 2021;6(9):1175-87. doi: 728 

10.1038/s41564-021-00949-1. 729 

41. Ambudkar SV, Kim IW, Xia D, Sauna ZE. The A-loop, a novel conserved aromatic acid 730 

subdomain upstream of the Walker A motif in ABC transporters, is critical for ATP binding. 731 

FEBS Letters2006. p. 1049-55. 732 

42. Moody JE, Millen L, Binns D. Cooperative, ATP-dependent association of the 733 

nucleotide binding cassettes during the catalytic cycle of ATP-binding cassette transporters. 734 

Journal of Biological Chemistry. 2002;277(24):21111-4. doi: 10.1074/jbc.C200228200. 735 

43. Orelle C, Dalmas O, Gros P, Di Pietro A, Jault JM. The Conserved Glutamate Residue 736 

Adjacent to the Walker-B Motif is the Catalytic Base for ATP Hydrolysis in the ATP-binding 737 

Cassette Transporter BmrA. Journal of Biological Chemistry. 2003;278(47):47002-8. doi: 738 

10.1074/jbc.M308268200. 739 

44. Quintero-Yanes A, Petit K, Rodriguez-Villalobos H, Vande Capelle H, De Veirman O, 740 

Gerstmans H, et al. Multiplexed bacteriocin synthesis to combat and prevent antimicrobial 741 

resistance. Commun Biol. 2025;8(1):1246. doi: 10.1038/s42003-025-08639-y. 742 

45. Yepes A, Schneider J, Mielich B, Koch G, García-Betancur JC, Ramamurthi KS, et al. 743 

The biofilm formation defect of a Bacillus subtilis flotillin-defective mutant involves the 744 

protease FtsH. Molecular Microbiology. 2012;86(2):457-71. doi: 10.1111/j.1365-745 

2958.2012.08205.x. 746 

46. Bramkamp M, Scheffers DJ. Bacterial membrane dynamics: Compartmentalization and 747 

repair. Molecular Microbiology. 2023;120(4):490-501. doi: 10.1111/mmi.15077. 748 

47. Davidson AL, Dassa E, Orelle C, Chen J. Structure, Function, and Evolution of Bacterial 749 

ATP-Binding Cassette Systems. Microbiology and Molecular Biology Reviews. 750 

2008;72(2):317-64. doi: 10.1128/mmbr.00031-07. 751 

48. Wilkens S. Structure and mechanism of ABC transporters. F1000Prime Reports. 752 

2015;7. doi: 10.12703/P7-14. 753 

49. Kleerebezem M, Quadri LE, Kuipers OP, de Vos WM. Quorum sensing by peptide 754 

pheromones and two-component signal-transduction systems in Gram-positive bacteria. Mol 755 

Microbiol. 1997;24(5):895-904. doi: 10.1046/j.1365-2958.1997.4251782.x. 756 

50. Rigali S, Derouaux A, Giannotta F, Dusart J. Subdivision of the helix-turn-helix GntR 757 

family of bacterial regulators in the FadR, HutC, MocR, and YtrA subfamilies. Journal of 758 

Biological Chemistry. 2002;277(15):12507-15. doi: 10.1074/jbc.M110968200. 759 

51. Fillenberg SB, Grau FC, Seidel G, Muller YA. Structural insight into operator dre-sites 760 

recognition and effector binding in the GntR/HutC transcription regulator NagR. Nucleic Acids 761 

Research. 2015;43(2):1283-96. doi: 10.1093/nar/gku1374. 762 

52. Park SA, Park YS, Lee KS. Crystal structure of the C-terminal domain of Bacillus 763 

subtilis GabR reveals a closed conformation by γ-aminobutyric acid binding, inducing 764 

transcriptional activation. Biochemical and Biophysical Research Communications. 765 

2017;487(2):287-91. doi: 10.1016/j.bbrc.2017.04.052. 766 

53. Yeo HK, Park YW, Lee JY. Structural basis of operator sites recognition and effector 767 

binding in the TetR family transcription regulator FadR. Nucleic Acids Research. 768 

2017;45(7):4244-54. doi: 10.1093/nar/gkx009. 769 

54. Lemmens L, Tilleman L, De Koning E, Valegård K, Lindås AC, Van Nieuwerburgh F, 770 

et al. YtrASa, a GntR-Family Transcription Factor, Represses Two Genetic Loci Encoding 771 

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

The copyright holder for thisthis version posted February 18, 2026. ; https://doi.org/10.64898/2026.02.18.706565doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.18.706565
http://creativecommons.org/licenses/by-nc-nd/4.0/


30 

 

Membrane Proteins in Sulfolobus acidocaldarius. Frontiers in Microbiology. 772 

2019;10(September):1-15. doi: 10.3389/fmicb.2019.02084. 773 

55. Suvorova IA, Korostelev YD, Gelfand MS. GntR Family of Bacterial Transcription 774 

Factors and Their DNA Binding Motifs: Structure, Positioning and Co-Evolution. PLoS ONE. 775 

2015;10(7 July):1-21. doi: 10.1371/journal.pone.0132618. 776 

56. Salzberg LI, Luo Y, Hachmann AB, Mascher T, Helmann JD. The Bacillus subtilis 777 

GntR family repressor YtrA responds to cell wall antibiotics. Journal of Bacteriology. 778 

2011;193(20):5793-801. doi: 10.1128/JB.05862-11. 779 

57. Letort C, Juillard V. Development of a minimal chemically-defined medium for the 780 

exponential growth of Streptococcus thermophilus. Journal of Applied Microbiology. 781 

2001;91(6):1023-9. doi: 10.1046/j.1365-2672.2001.01469.x. 782 

58. Dower WJ, Miller JF, Ragsdale CW. High efficiency transformation of E.coli by high 783 

voltage electroporation. Nucleic Acids Research. 1988;16(13):6127-45. doi: 784 

10.1093/NAR/16.13.6127. 785 

59. Fontaine L, Goffin P, Dubout H, Delplace B, Baulard A, Lecat-Guillet N, et al. 786 

Mechanism of competence activation by the ComRS signalling system in streptococci. 787 

Molecular Microbiology. 2013;87(6):1113-32. doi: 10.1111/mmi.12157. 788 

60. Abueg LAL, Afgan E, Allart O, Awan AH, Bacon WA, Baker D, et al. The Galaxy 789 

platform for accessible, reproducible, and collaborative data analyses: 2024 update. Nucleic 790 

Acids Research. 2024;52(W1):W83-W94. doi: 10.1093/nar/gkae410. 791 

61. Desguin B, Urdiain-Arraiza J, Da Costa M, Fellner M, Hu J, Hausinger RP, et al. 792 

Uncovering a superfamily of nickel-dependent hydroxyacid racemases and epimerases. 793 

Scientific Reports. 2020;10(1). doi: 10.1038/s41598-020-74802-6. 794 

62. DeLano WL. Pymol: An open-source molecular graphics tool. CCP4 Newsletter On 795 

Protein Crystallography. 2002;40:82-92. 796 

63. Pettersen EF, Goddard TD, Huang CC, Meng EC, Couch GS, Croll TI, et al. UCSF 797 

ChimeraX: Structure visualization for researchers, educators, and developers. Protein Science. 798 

2021;30(1):70-82. doi: 10.1002/pro.3943. 799 

64. Bailey TL, Boden M, Buske FA, Frith M, Grant CE, Clementi L, et al. MEME Suite: 800 

Tools for motif discovery and searching. Nucleic Acids Research. 2009;37(SUPPL. 2):202-8. 801 

doi: 10.1093/nar/gkp335. 802 

65. Sievers F, Wilm A, Dineen D, Gibson TJ, Karplus K, Li W, et al. Fast, scalable 803 

generation of high-quality protein multiple sequence alignments using Clustal Omega. 804 

Molecular Systems Biology. 2011;7. doi: 10.1038/msb.2011.75. 805 

66. Varadi M, Bertoni D, Magana P, Paramval U, Pidruchna I, Radhakrishnan M, et al. 806 

AlphaFold Protein Structure Database in 2024: providing structure coverage for over 214 807 

million protein sequences. Nucleic Acids Research. 2024;52(D1):D368-D75. doi: 808 

10.1093/nar/gkad1011. 809 

67. Oberto J. SyntTax: A web server linking synteny to prokaryotic taxonomy. BMC 810 

Bioinformatics. 2013;14(1). doi: 10.1186/1471-2105-14-4. 811 

 812 

  813 

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

The copyright holder for thisthis version posted February 18, 2026. ; https://doi.org/10.64898/2026.02.18.706565doi: bioRxiv preprint 

https://doi.org/10.64898/2026.02.18.706565
http://creativecommons.org/licenses/by-nc-nd/4.0/


31 

 

FIGURES 814 

 815 
 816 

Fig. 1. Impact of mutations in MbrR and MbrB on bacteriocin resistance. A. Scheme of 817 

the mbrRAB operon and mapping of identified mutations. Mutations are color-coded: blue for 818 

frameshifts, green for amino-acid substitution, red for premature stops (*), and orange for in-819 

frame insertion. Except for insertion, the amino acid refers to the mutated codon. Double slashes 820 

indicate genes not drawn to scale. B. Impact of BlpK on the growth of the wild type and ΔmbrR, 821 

ΔmbrB, mbrBR14P, mbrBins-S15 mutant strains. Growth was performed in M17G with (orange) or 822 

without (blue) sBlpK (10 µg/ml). Each curve is a mean (± SD) of three independent biological 823 

replicates. C. Contribution of MbrR to general bacteriocin resistance on plates. 2 µl of each 824 

synthetic bacteriocin was spotted. For clarity, bacteriocin cocktails composed of multiple 825 

peptides are referred to the generic name of the corresponding bacteriocin. Additional details 826 

on concentration and solubilization are available in the Methods section. 827 
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 829 
 830 

Fig. 2. MbrR regulon. A. Transcriptional units (TUs) of the MbrR regulon. Red rectangles 831 

represent MbrR binding sites. TUs are color-coded: mbrRAB (blue to light purple arrow), 832 

mbrCD (red and orange arrow), mbrEFG (dark to light green arrow), mbrH (brown arrow), and 833 

mbrX (pink arrow). The HSISS4 locus tag is indicated below each arrow. B. Transcriptome 834 

(RNA-seq) comparison between wild-type (WT) and ΔmbrR. Black dots indicate genes for 835 

which non-significant changes were observed. Color dots indicate genes that are upregulated or 836 

downregulated. The horizontal dotted line represents a P value of 0.05, while the vertical dotted 837 

lines represent log2 fold change values of ≥1.5 and ≤−1.5. These results were obtained from 838 

two independent replicates. C. MbrR-dependent repression of promoters. Fold change in total 839 

luminescence (Fold change total lum) produced by each promoter fused to the luxAB genes in 840 

WT or ΔmbrR background. The promoter of comS (PcomS) was used as negative control (Ctr-). 841 

Experimental values represent the average fold change (± SD) of three independent replicates; 842 

dots show the values of independent experiments (n = 3). Each replicate was compared to the 843 

mean value of the wild type used as reference. Statistical analysis was performed using t tests 844 

(ns, non-significant; **, P < 0.01; ***, P < 0.001). 845 
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 847 

 848 
 849 

Fig. 3. MbrR-binding site. A. Nucleotide alignment of PmbrRAB, PmbrCD, PmbrEFG, PmbrH, and 850 

PmbrX. Putative -35 boxes, -10 boxes, and RBS are highlighted in purple, blue, and gray, 851 

respectively. The ATG start codon is underlined and the MbrR binding site is surrounded by a 852 

red square in which matching nucleotides with the inverted repeats are in red. Black arrows 853 

indicate inverted repeat (IR) sequences. The line surrounded by vertical bars indicates probes 854 

used for electrophoretic mobility shift assays (EMSAs). B. Weighted consensus sequence of 855 

the MbrR-binding site. Black arrows indicate IR sequences. The logo was created by aligning 856 

the IR sequences of panel A (red rectangle) with the MEME suite online software. C. 857 

AlphaFold3 structure prediction of MbrR dimer (cyan) bound to the IR sequences (orange) 858 

located upstream of the mbrRAB operon. Scores of interface Predicted Template Modeling 859 

(iPTM) and Predicted Template Modeling (PTM) are indicated top left. D. In vitro binding of 860 

IR sequences by MbrR. EMSAs of PmbrRAB, PmbrCD, PmbrEFG, PmbrH, PmbrX, and PcomS (negative 861 

control, Ctr-) probes conducted with increasing concentrations of purified MbrR (gray triangles; 862 

1:4 dilutions from 4 µM). Probes of 30 bp were Cy3-conjugated and used at 40 ng. Arrowheads 863 

labeled P, C1, and C2 show the positions of the probe, C1 complex, and C2 complex, 864 

respectively. E. Impact of IR sequence mutations on MbrR binding. EMSAs of PmbrRAB, PmbrRAB-865 

mut, PmbrCD and PmbrCD-mut probes conducted with increasing concentrations of purified MbrR 866 

(gray triangles; 2:2 dilutions from 2 µM). Probes of 30 bp were Cy3-conjugated and used at 40 867 

ng. Arrowheads as in panel D. 868 
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 870 
 871 

Fig. 4. Contribution of each component of the Mbr system to bacteriocin resistance. A. 872 

Contribution of each Mbr component to BlpK resistance on plates. 2µl of a decreasing 873 

concentration of sBlpK (black to gray triangle; 2:2 dilutions from 500 µg/ml) were spotted. 874 

Each inhibition zone on the spot-on-lawn assay is representative of three independent 875 

experiments performed in the same conditions. B. Contribution of each Mbr component to BlpK 876 

resistance in liquid culture. Growth was performed in M17G liquid medium with sBlpK 877 

(10 µg/ml) (orange) or without (blue). Each curve is a mean (± SD) of three independent 878 

replicates. C. Contribution of Mbr components to resistance against various bacteriocins on 879 

plate. The experimental setup as described in figure 1C. 880 
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Fig. 5. Specific interaction between MbrR and MbrB. A. Impact of the substitution MbrB-885 

R14P on PmbrRAB activation. Fold change in total luminescence (Fold change total lum) produced 886 

by the PmbrRAB-luxAB fusion in WT (negative control used as reference), ΔmbrR, mbrBR14P, or 887 

mbrBR14P mbrA background. B. AlphaFold3 structure prediction of the tetrameric complex 888 

MbrR2·MbrA2 in presence of 2 Mg2+ and 2 ATP. Black rectangle shows the ATP binding site 889 

and residues Y14 and E153 involved in ATP binding and hydrolysis, respectively. Red 890 

rectangle shows the network of salt bridges between MbrR-R53 and MbrA-D195-D210-D212. 891 

C. AlphaFold3 structure prediction of the hexameric complex MbrB2·MbrA2-Lb2·Sb2-MbrR2 in 892 

presence of 2 ATP and 2 Mg2+. The reconstitution of the NanoLuc by Sb-Lb interaction is 893 

shown. In panels B and C, scores of iPTM and PTM are indicated at the top of the structure. D. 894 

Schematic diagram of constructs used for split-NanoLuc assays. Insertion of fragments 895 

encoding Sb or Lb were performed at the native loci. For negative controls, the production of 896 

Sb or Lb alone under the control of PsptA (sBI7 inducible) was achieved from an ectopic 897 

chromosomal locus. In panels B, C, and D, proteins, genes and molecules are color-coded: cyan 898 

for MbrR/mbrR, dark purple for MbrA/mbrA, pink for mbrAD195A, light purple for MbrB/mbrB, 899 

dark blue for mbrBR14P, red for mbrC, and orange for mbrD, green for Sb/sb, yellow Lb/lb, 900 

black for ATP, and brown for Mg2+. E. Split-NanoLuc assays for the validation of MbrR-MbrA 901 

interaction in WT. Fold change in total luminescence produced by Sb-MbrR × Lb (negative 902 

control used as reference), MbrA-Lb × Sb (negative control), Sb-MbrR × MbrA-Lb, Sb-MbrR 903 

× MbrA-Lb (ΔmbrB), Sb-MbrR × MbrC-Lb (negative control), and Sb-MbrR × MbrAD195A-Lb. 904 

F. Split-NanoLuc assays for the validation of MbrR-MbrA interaction in MbrBR14P background. 905 

Fold change in total luminescence produced by Sb-MbrR × MbrA-Lb in WT (positive control 906 

used as reference), Sb-MbrR × MbrA-Lb with MbrBR14P, and Sb-MbrR × MbrAD195A-Lb with 907 

MbrBR14P. G. Impact of the mutation MbrA-D195A on PmbrRAB activation. Fold change in total 908 

luminescence produced by the PmbrRAB-luxAB fusion in WT, ΔmbrR or mbrBR14P background. 909 

In panel A, each replicate was compared to the mean value of the wild type. Experimental 910 

values represent the average fold change (± SD) of three independent replicates. One-way 911 

ANOVA with Dunnett’s test and t test were performed for data in panels A/F and E/G, 912 

respectively (ns, non-significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001). 913 
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 915 
 916 

Fig. 6. Induction of mbrRAB expression by bacteriocin addition. A. PmbrRAB activation in 917 

response to increasing concentration of cereucin X-B (Cer X-B). (left) Fold change in total 918 

luminescence (Fold change total lum) produced by the PmbrRAB-luxAB fusion with 0 to 10 g/ml 919 

of Cer X-B in WT, mbrAD195A, mbrAY14A or mbrAE153A background. (right) Growth (OD600) and 920 

luminescence (Lux activity, RLU/OD600) at subinhibitory and inhibitory concentrations of Cer 921 

X-B (20 and 100 g/ml, respectively) in WT. B. PmbrRAB activation in response to increasing 922 

concentration of PsnL. (left) Genetic backgrounds as in panel A and tested PsnL concentrations 923 

from 0 to 1.4 g/ml. (right) Setup as in panel A with 1.05 and 2.1 g/ml of PsnL. C. and D. 924 

MbrR-MbrA interaction in response to increasing concentration of Cer X-B (panel C, 0 to 1.2 925 

g/ml) and PsnL (panel D, 0 to 1.4 g/ml). Fold change in total luminescence produced by Sb-926 

MbrR × MbrA-Lb in WT. Each replicate was compared to the mean of the WT without 927 

bacteriocin (negative control used as reference). Experimental values represent the average fold 928 

change (± SD) of three independent replicates. One-way ANOVA with Dunnett’s test were 929 

performed (ns, non-significant; *, P < 0.05; **, P < 0.01; ***, P < 0.001). 930 
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 932 
Fig. 7. MbrR mode of action. A. Global scheme of the regulation of the Mbr system in S. 933 

salivarius. Black arrows represent movement or conformational change. Blue arrows represent 934 

protein production. The dead’s-head symbol represents bacteriocin (Bac). B. Model of the 935 

MbrRAB transduction system using AlphaFold3 modelled complexes. Bacteriocin interaction 936 

with MbrB induces its conformational change that is transmitted to MbrA. This favors MbrA 937 

dimerization, ATP binding, and MbrR recruitment. Bacteriocin efflux and ATP hydrolysis will 938 

lead to MbrR release and MbrAB relaxation to its basal state for the next cycle. The AlphaFold3 939 

structure prediction of cereucin X-B was used to represent bacteriocin. In panels A and B, 940 

genes, proteins, and molecules are color-coded: mbrRAB/MbrRAB (cyan to light purple), 941 

mbrCD/MbrCD (red and orange), mbrEFG/MbrEFG (dark to light green), mbrH/MbrH 942 

(brown), mbrX/MbrX (pink arrow), orange for DNA, red for bacteriocin, black for ATP, green 943 

for ADP, and brown dot for Mg2+. 944 
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 946 
 947 

Figure 8. YtrA across bacteria. A. Clustering of YtrA in bacteria. Numbers underlined in blue 948 

indicate how many YtrA regulators were identified in each phylogenic group. Large-scale 949 

structural analysis was performed with the software AFDB clusters. B. AlphaFold3 structure 950 

predictions of YtrA-like regulators in interaction with their associated ABC transporter ATPase 951 

component from various Bacillota species. The interface Predicted Template Modeling (iPTM) 952 

and Predicted Template Modeling (PTM) scores are indicated on top of each structure. The 953 

structure color code is based on the pLDDT confidence score indicated on the left side. 954 
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