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ABSTRACT 34 

Mul@drug resistant (MDR) bacteria and the shortage of new an@bio@cs are a serious 35 

health problem and have increased the interest in bacteriophages, with great poten@al 36 

as an@microbial agents but they can induce resistance. The objec@ve of the present 37 

study was to reduce the development of phage resistance in K. pneumoniae strains by 38 

inhibi@ng the Quorum Sensing (QS). The QS inhibi@on by cinnamaldehyde (CAD) was 39 

conûrmed indirectly by the reduc@on of bioûlm produc@on and directly by a proteomic 40 

analysis. Also, the infec@on assays showed that the phage resistance mechanisms of the 41 

bacteria were inhibited when phage-resistant K. pneumoniae strains were treated with 42 

a combina@on of phages with CAD. Finally, these results were conûrmed by proteomic 43 

analysis as proteins related to the phage defence such as CBASS (bacterial cyclic 44 

oligonucleo@de-based an@-phage signalling) and R-M systems as well as tail ûber 45 

proteins were present under phage treatment but not with the combina@on.  46 

 47 
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INTRODUCTION 66 

Klebsiella pneumoniae is a Gram-nega@ve enterobacteria (1), catalogued by the World 67 

Health Organiza@on (WHOs) in the list of ESKAPE pathogens (Enterococcus faecium, 68 

Staphylococcus aureus, Klebsiella pneumoniae, Acinetobacter baumannii, Pseudomonas 69 

aeruginosa and Enterobacter) that poses a serious threat to public health as mul@drug 70 

resistant (MDR) bacteria and can be life-threatening for both, hospitalized pa@ents and 71 

immunocompromised individuals. Moreover, many of them can persist stably through 72 

bioûlm on catheters and ven@lators as well as other medical devices (2). 73 

In this context of clinical urgency, the use of phage therapy has recently re-emerged in 74 

the West as one of the main alterna@ves to treat MDR bacteria (3). Phages are deûned 75 

as obligate intracellular parasites of bacteria (4). Phage therapy has several advantages 76 

over the use of an@bio@c therapy: phages have high speciûcity of infec@vity, infec@ng 77 

single bacterial species or subgroup of species, therefore are considered narrow-78 

spectrum an@microbials (3, 5); they don9t act on the pa@ent´s normal microbiota; they 79 

are also highly eûec@ve against MDR pathogens and can be used in conjunc@on with 80 

an@bio@cs to restore its sensi@vity, establishing synergies (6, 7); another advantage of 81 

phages is their ability to replicate inside the target cell at the site of infec@on. Finally, 82 

phages are easy to isolate and, being the most abundant biological en@@es on the planet, 83 

they can be an extraordinary way to obtain new low-cost an@microbials (3, 5). However, 84 

the most important problem facing phages is the rapid acquisi@on of bacterial resistance, 85 

as they are in a constant <arms race= developing resistance mechanisms from both of 86 

them (3, 8). 87 

The main mechanisms of bacterial phage resistance include: (i) outer membrane vesicles 88 

(OMVs), used as a decoy for phages to inject their DNA into the vesicule (9); (ii) blocking 89 

phage adsorp@on, avoiding the binding to the speciûc membrane receptor, i.e, by 90 

modiûca@on of this receptors through muta@ons (10) or masking them by capsule 91 

produc@on or by bioûlm forma@on (11); (iii) blocking DNA injec@on, i.e, superinfec@on 92 

exclusions (Sies system) (9); (iv) cut the injected DNA, if the phages s@ll manage to enter 93 

the bacteria, there are defence mechanisms such as exogenous DNA cuung, like 94 

restric@on-modiûca@on (R-M) (12) or CRISPR-Cas systems (13); (v) inhibi@ng phage DNA 95 

replica@on, i.e. bacteriophage exclusion system (BREX) or CBASS system (9, 14); (vi) 96 

interference with phage assembly, i.e, phage-inducible chromosomal island (PICI); (vii) 97 
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abor@ve infec@on systems, in this resistance mechanism, bacteria when awemp@ng to 98 

be infected by phage, causes its own death, thus protec@ng the rest of the bacterial 99 

popula@on and preven@ng the spread of the infec@on, i.e. Toxin/An@toxin systems (TA) 100 

(8, 9). 101 

Many bacteria control the expression of defence mechanisms against phages through 102 

quorum sensing (QS) (15, 16), which is deûned as a cellular communica@on process 103 

based on both produc@on and secre@on as well as detec@on of extracellular signaling 104 

molecules called autoinducers (AIs), which, depending on cell density, accumulate in the 105 

environment (17). QS allows to control of several processes such as ûuorescence, 106 

virulence, bioûlm forma@on, an@bio@c resistance, bacterial compe@@on factors, and 107 

phage resistance mechanisms like prophages, CBASS system, or CRISPR-Cas immunity 108 

(18-22).  109 

The QS of K. pneumoniae relies mainly on the use of autoinducer-2 (AI-2), a furanosyl 110 

borate diester molecule encoded by LuxS synthase, for interspecies communication. 111 

Moreover, it is capable of detec@ng other autoinductors in the medium such as 112 

exogenous AHLs, known as autoinducers-1 (AI-1) (19, 21). 113 

In this work, the role of QS in the control of the phage defence mechanisms was tested 114 

in K. pneumoniae in order to establish the basis of improvement of the phage therapy.  115 

 116 

MATERIAL AND METHODS 117 

Bacterial and phage strains 118 

Two K. pneumoniae ly@c phages were employed: the vB_KpnM_VAC36 phage (VAC36) 119 

(Family Myoviridae, Genus Marfavirus) and the vB_KpnM_VAC66 phage (VAC66) (Family 120 

Myoviridae, Genus Slopekvirus) (23). Both phage genomes, VAC36 (Genbank 121 

SAMN20298872) and VAC66 (Genbank SAMN22059211) are available from the GenBank 122 

Bioproject PRJNA739095.  123 

3 clinical isolates of K. pneumoniae with diûerent sensi@vity to the phages tested were 124 

employed: K3318 resistant clinical isolate (GenBank SAMEA3649518), K3573 sensi@ve 125 

clinical isolate to phage VAC36 (GenBank SAMEA3649559), and ST974-OXA48 clinical 126 

isolate sensi@ve to phage VAC66 (GenBank WRWT00000000). All the clinical isolates of 127 

K. pneumoniae were clinical isolates from the Spanish hospital Virgen Macarena 128 
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University Hospital (Seville, Spain) and the Na@onal Center for Microbiology (Carlos III 129 

Health Ins@tute, Spain).  130 

Propaga'on and collec'on of phages 131 

Phages used were propagated by the double-layer agar method (24). An overnight 132 

inoculum of K. pneumoniae isola@on host of the phage was diluted 1/100 in LB medium 133 

and grew un@l OD600nm 0.5. Later, 50 µL of phage were added to 200 µL of their 134 

K. pneumoniae isola@on host and mixed with 4 mL of so{ agar (0.5 % NaCl, 1 % tryptone, 135 

and 0.4 % agar) on TA agar plates (0. 5 % NaCl, 1 % tryptone and 1.5 % agar) and 136 

incubated at 37 °C during 24 h. TA agar plates are washed with SM buûer (0.1 M NaCl, 137 

10 mM MgSO4, 20 mM Tris-HCl) and placed on a room temperature shaker for 3 h. Then, 138 

all liquid is recovered in 15 mL tubes and 1 % chloroform is added for 20 min. Finally, 139 

centrifuged for 15 min at 3400 x g and ûltered through 0.45 nm ûlters. 140 

Cinnamaldehyde minimal inhibitory concentra'on assay  141 

Cinnamaldehyde (CAD) (3-Phenylprop-2-enal; Sigma-Aldrich) minimum inhibitory 142 

concentra@on (MIC) for K. pneumoniae clinical strains K3318, K3573, and ST974-OXA48 143 

was established by the chequerboard method (25). Brieûy, in 96-well micro@ter plates, 144 

nine serial double dilu@ons of CAD were prepared in Muller-Hinton broth (MHB). Each 145 

well was then inoculated with its corresponding K. pneumoniae strain to a ûnal 146 

concentra@on of 5x105 CFU/mL diluted from an overnight culture. A row of MHB 147 

inoculated with K. penumoniae was included as a posi@ve control and a row including 148 

only MHB as a nega@ve control. The plate was incubated for 24 h at 37 °C, and ûnally, 149 

the MIC was subsequently determined as the concentra@on of CAD in the ûrst well 150 

where no bacterial growth was observed (25). All the experiments were performed in 151 

triplicates. 152 

Bioûlm produc'on 153 

Bioûlm produc@on was used as an indirect measure of the QS and the QS inhibi@on was 154 

tested by the bioûlm produc@on in the presence of CAD (QS inhibitor). For this purpose, 155 

overnight inoculum of the clinical isolates of K. pneumoniae were diluted 1/10 (1x108 156 

CFU/mL) in modiûed Luria-Bertani (LB) medium (0.2 % Triptone; 0.1 % Yeast; 0.5 % NaCl) 157 

and 100 µl incubated in 96-well plates in presence of 3 diûerent concentra@ons of CAD 158 

below the MIC (0.1 mM; 0.5 mM; 1 mM), for 24 h at 37 °C in darkness. A bioûlm 159 

produc@on without CAD was done as control. The next day, the bioûlm produc@on was 160 
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quan@ûed by the crystal violet staining method (26). Shortly, 100 µl of methanol were 161 

added to each well and was then discarded a{er 10 min. Once the methanol had 162 

completely evaporated, 100 µl of crystal violet (0.1 %) was added and the plates were 163 

incubated for 15 min. Finally, the wells were washed with PBS, and 150 µl of ace@c acid 164 

(30 %) was added to resuspend the crystal violet adhered to the bioûlm, and the 165 

absorbance was measured at OD595nm. All the experiments were performed in triplicates. 166 

Phage infec'on assays  167 

Phage infec@on curves were developed with strains K3318, ST974-OXA48, and K3573, 168 

and phages VAC36 and VAC66. 169 

Brieûy, an overnight culture of the K. pneumoniae strain to be tested was diluted 1/100 170 

in LB. Then it was allowed to grow to an OD600nm of 0.3. Subsequently, four condi@ons 171 

were prepared in 96-well plates: growth control, K. pneumoniae culture in the presence 172 

of 1 mM CAD, K. pneumoniae strain in the presence of the corresponding phage at MOI 173 

1 and, ûnally, a combina@on of the phage at MOI 1 and 1 mM CAD. The cultures were 174 

incubated at 37 °C by shaking for 24 h in a BioTek Epoch 2.0 (Agilent). The quan@ûca@on 175 

of bacteria and phages was done by counts of colony-forming units (CFU/mL) and 176 

plaque-forming units (PFU/mL) at 0 hours (T0), 5 hours (T5) and 24 hours (T24). 177 

To quan@fy the CFUs, 1 mL of culture was removed at the appropriate @me and diluted 178 

to the correct dilu@on to count cells, and 100 ¿l of the dilu@on was plated on LB plates. 179 

For the quan@ûca@on of PFUs, the phage must be isolated as follows. At the 180 

corresponding @me points, 1 mL of culture was taken and 1 % chloroform was added, 181 

shaking it for 20 min. Then, it was centrifuged at 10000 x g for 5 min and serially diluted 182 

to the correct dilu@on to count. Finally, double-layer method was done to obtain of the 183 

PFUs (24). 184 

The plates are incubated for 24 h at 37 °C and then CFU/mL and PFU/mL were quan@ûed. 185 

All the experiments were performed in triplicates. 186 

Proteomic analysis 187 

A proteomic study to determine the inhibi@on of phage defence mechanisms and QS 188 

was done by LC3MS and NanoUHPLC-Tims-QTOF analysis. 189 

The K3318 strain (from an overnight inoculum) was inoculated into 50 mL ûasks ûlled 190 

with LB medium at 1/100 dilu@on grown to an OD600nm of 0.3 (around 107 CFU/mL). The 191 

four condi@ons described previously were done. The culture strains were allowed to 192 
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grow for 3 h. Next, 25 mL of each ûask was removed to 50 mL tubes and placed for 10 193 

min on ice and then centrifuged for 20 min at 4 °C and 4500 rpm, a{er discarding the 194 

supernatant, we freeze the pellet at -80 °C. The next day the pellet was resuspended in 195 

PBS medium and sonicated, then sonicated pellets were centrifuged for 20 min at 4 °C 196 

at 4300 x g. The supernatant was recovered and employed for the proteomic analysis. 197 

The quan@ta@ve analysis of proteins was done using 200 ng of supernatant for each 198 

sample. It was performed by NanoUHPLC-Tims-QTOF, the equipment used was a 199 

TimsTof Pro mass spectrophotometer (Bruker), a nanoESI source (Cap@veSpray), a 200 

QTOF-@me analyzer and a nanoELUTE chromatograph (Bruker). Previous sample 201 

prepara@on was carried out by tryp@c diges@on in solu@on with reduc@on-alkyla@on 202 

followed by Zip@p desal@ng. Data were together in nanoESI posi@ve ioniza@on mode, 203 

Scan PASEF-MSMS mode and CID fragmenta@on mode, with an acquisi@on range of 204 

10031700 m/z. The products were separated on a Reprosil C18 column 205 

(150)×)0.075 mm, 1.9 µm, and 120 Å) (Bruker) at 50 °C, with an injec@on volume of 2 µL. 206 

The mobile phases consisted of 0.1 % H2O/formic acid (A) and 0.1 % acetonitrile/formic 207 

acid (B). The ûow rate was 0.4 µL/min, and the gradient program was as follows: 11 % B 208 

(035 min), 16 % B (5310 min), 35 % B (10316 min), 95 % B (16318 min) and 95 % B (183209 

20 min). Finally, diûerent so{ware was used for data acquisi@on: Compass HyStar 5.1 210 

(Bruker) and TimsControl (Bruker), DataAnalysis (Bruker), and PEAKS studio 211 

(Bioinforma@cs Solu@ons). 212 

 213 

RESULTS 214 

CAD MIC determina'on 215 

The chequerboard assay was performed to determine the CAD MIC for clinical isolates 216 

of K. pneumoniae. The MIC (Figure 1A) for the clinical strain K3318 was 6.125 mM, for 217 

the clinical strain K3573 was 2.5 mM and for the clinical strain ST974-OXA48 was 218 

3.125 mM. 219 

Bioûlm produc'on assay 220 

The bioûlm produc@on of K. pneumoniae clinical strains K3318, K3573, and ST974-221 

OXA48 was tested as an indirect measurement of the QS ac@vity (19, 27). The bioûlm 222 

produc@on was measured in the presence of diûerent concentra@ons of the QS inhibitor 223 

CAD (0.1 mM, 0.5 mM, and 1 mM). The results showed a signiûcant decrease in the 224 
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ability to form bioûlm in strains K3318 and K3573 in the presence of 1 mM CAD 225 

compared to the control (Fig. 1B), so this concentra@on was selected to inhibit the QS in 226 

the following assays. However, the strain ST974-OXA48 did not produce bioûlm 227 

(OD585nm, 0.05).  228 

Phage infec'on assays 229 

Phage infec@on curves were performed to precise the infec@vity of phages in the 230 

presence of the QS inhibitor CAD to determine if the phage defence mechanisms are 231 

controlled by QS. Two phages were employed, VAC36 and VAC66, and 3 clinical isolates 232 

of K. pneumoniae, the clinical isolate K3318, resistant to both phages and the clinical 233 

isolates K3573 and ST974-OXA48, sensi@ves to VAC36 and VAC66 respec@vely. 234 

The infec@on curves showed a decrease in the op@cal density of the strain K3318 when 235 

the infec@on was done with the phages in combina@on with CAD (Fig. 2A and B), as this 236 

strain was resistant to both phages, in the infec@on control curve the growth was similar 237 

to the control. In the case of the sensi@ve strains, no diûerences were observed when 238 

the infec@on was done with the phage alone or in combina@on with CAD (Fig. 2C and D).  239 

To conûrm the results observed, counts of CFU and PFU were done at 0 h, 7 h, and 24 h 240 

(Fig. 3A and B). The results of these counts showed a signiûcant decrease at 7 h in the 241 

number of CFUs and a signiûcant increase in the PFUs counts for strain K3318 when 242 

infected with the combina@on of CAD and each of the phages, this reduc@on of CFUs 243 

and increase in PFUs was not observed when the infec@on was done with each phage 244 

alone. At 24 h the number of CFUs was increased in this condi@on but it was signiûcantly 245 

lower than the control with phage and the growth control. In the same way, at 24 h the 246 

PFUs quan@ûed were diminished but they were signiûcantly higher than those 247 

quan@ûed for each phage alone. These results are consistent with a produc@ve phage 248 

infec@on when the CAD was present, sugges@ng that CAD is favouring the infec@on by 249 

inhibi@ng the phage defence mechanisms. 250 

Host strains K3573 and ST974-OXA48 were sensible to phage infec@on but no signiûcant 251 

diûerences were found between treatment with phage alone and with the combina@on 252 

(Fig. 1C and D). As no diûerences between phage and phage combined with CAD were 253 

observed, CFUs and PFU were not quan@ûed. These results showed that in these strains 254 

no defence mechanisms were ac@ve under any of the infec@on condi@ons, as infec@on 255 

occurs always in the presence of phage. 256 
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Study of the proteins related to phage defence mechanisms and QS 257 

To conûrm that the phage defence mechanisms are controlled by the QS, a proteomic 258 

analysis by NanoUHPLC-Tims-QTOF was done. The analysis iden@ûed 231 proteins from 259 

the CAD combined with VAC36 condi@on and 169 proteins from the condi@on with 260 

phage alone, corresponding to 15 func@ons (Fig. 4A and B).  261 

The analysis showed that the main representa@ve func@ons in both condi@ons were 262 

those related to bacterial metabolism and to protein metabolism (Fig. 4A and B). The 263 

rela@ve abundance of func@ons related to acid nucleic metabolism was slightly higher 264 

on CAD combined with VAC36 condi@on (Fig. 4C). Interes@ngly, the analysis showed a 265 

higher rela@ve abundance of proteins related to the phage defence when the CAD was 266 

absent. QS-related proteins were found to have a lower rela@ve abundance in the 267 

presence of CAD, conûrming the QS inhibitory role of this compound (Table 1). 268 

 As shown in Table 2, the proteins related to phage defence mechanisms were highly 269 

expressed when the infec@on was done with the phage alone but not when the infec@on 270 

was done in the presence of CAD, thus conûrming the rela@on of QS and phage defence 271 

mechanisms. In addi@on, a tail phage protein was present only when the infec@on was 272 

done in the presence of CAD, conûrming the ac@ve infec@on.  273 

 274 

DISCUSSION 275 

Phages are a great opportunity for the future in the war against MDR bacteria, they can 276 

be used alone, in cocktails, or in combina@on with an@bio@cs as they can restore 277 

sensi@vity to them (28). Phages have many advantages over the use of conven@onal 278 

an@microbials, they are easy and cheap to obtain, they have high speciûcity, as well as 279 

being self-replica@ng (3, 5-7). In this context, the present study aimed to determine if 280 

phage resistance mechanisms are controlled by QS. To achieve this objec@ve, several 281 

phage infec@ons were conducted in the presence of the CAD, a QS inhibitor. Previous 282 

studies have shown that QS controls phage defence mechanisms in bacteria because 283 

under condi@ons of high cell density, they are more exposed to phage awack as phages 284 

are more abundant in densely populated environments, as they necessarily need 285 

bacteria to proliferate (29).  286 

In this work, the QS inhibi@on in clinical isolates of K. pneumoniae was conûrmed by the 287 

reduc@on of bioûlm when the CAD was present, except for a non-producing bioûlm 288 
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strain, the ST974-OXA48. As CAD was conûrmed as a QS inhibitory compound for 289 

K. pneumoniae, the role of QS in the expression of phage defence mechanisms was 290 

tested by infec@ng the phage-resistant strain K. pneumoniae K3318 with two diûerent 291 

phages in combina@on with CAD 1mM. The infec@on curves performed showed a 292 

signiûcant reduc@on in OD600nm when resistant strain K3318 was infected with both 293 

phages in the presence of CAD, as well as a reduc@on in CFU/mL and PFU/mL at 7 h and 294 

24 h, the infec@on controls were very similar to the growth control values. In the 295 

sensi@ve strains, no defence mechanisms were ac@vated so the infec@on was similar 296 

when CAD was present and absent. These results suggested that when QS was inhibited 297 

the defence mechanisms were also inhibited. Several previous works conûrm these 298 

results, in 2016, Hoque MM et al. demonstrated that V. cholerae QS, which uses cholera 299 

AI-1 and AI-2-like autoinducers, controls both the produc@on of haemagglu@nin 300 

protease (HAP) which was responsible for inac@va@ng viral par@cles and the 301 

deregula@on of phage receptors, in par@cular the LPS O-an@gen receptor, preven@ng 302 

phage adhesion (30). Moreover, in 2023 Severin GB et al., associated the high cell 303 

density in V. cholerae cultures with the transcrip@on of two essen@al components of the 304 

CBASS defence system, the oligonucleo@de cyclase and the eûector phospholipase (20). 305 

Regarding the CRISPR-Cas defence system, numerous studies conûrmed their ac@va@on 306 

at high cell density, so in SerraBa spp. there was an increase of type I-E, I-F, and III 307 

CRISPR-Cas systems (31), and also in P. aeruginosa, the QS was demonstrated to be 308 

involved in the regula@on of CRISPR-Cas genes and the ac@va@on of three key aspects 309 

of the system, expression, ac@vity, and adapta@on (15, 22). In addi@on, in 2021 Shah M 310 

et al., suggested that P. aeruginosa controls the cell death by QS quinolone signal (PQS) 311 

to prevent the spread of phage infec@on (32). In Escherichia coli, it was demonstrated 312 

that the ac@va@on of QS reduced the number of phage » receptors on the cell surface in 313 

order to evade the infec@on (29). Finally, the BREX defence system was also ligated to 314 

the QS control as the S-Adenosyl Methionine (SAM), which is a precursor in the synthesis 315 

of AI-2, could be a necessary cofactor for the BREX system (17, 33). To our knowledge, 316 

we could not ûnd studies speciûcally linking K. pneumoniae QS to phage defence 317 

mechanisms such as those previously described. 318 

In this work, the rela@on between the QS and phage defence mechanism was tested by 319 

the inhibi@on of QS. CAD was selected as a QS inhibitory compound, as it was previously 320 
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described to interfere with the AI-2 based QS Vibrio spp. and Burkholderia spp. by 321 

decreasing the DNA binding ac@vity of the response regulator LuxR (34-36). As for Vibrio 322 

spp. the QS autoinductor in K. pneumoniae is the AI-2 synthesized by an ortholog of LuxS 323 

synthase and related with the produc@on of bioûlm (37), a rela@on also observed in E. 324 

coli uropathogenic strains in a study in which the use of CAD reduced the QS and the 325 

bioûlm produc@on (38). 326 

The results of the proteomic study conûrmed both the results obtained in the infec@on 327 

curve and the rela@on between QS and phage defence mechanisms. The rela@ve 328 

abundance of proteins related to DNA func@ons was a liwle higher when the infec@on of 329 

VAC36 was done in the presence of CAD (Fig. 4C), probably because the assay was done 330 

at 3 h, and at this point, the bacteria was in an exponen@al growth phase (Fig. 2A). It 331 

was also observed the presence of a tail phage protein when the QS was inhibited, 332 

sugges@ng the synthesis of new virions that together with the absence of phage defence 333 

related protein is indica@ve of the occurrence of an ac@ve infec@on (Table 2). When the 334 

infec@on was done with the phage but without inhibi@ng the QS, no phage proteins were 335 

observed and several defence proteins were present (Table 2), which corresponded with 336 

the absence of infec@on observed in the infec@on curves (Fig. 2A). Many of the proteins 337 

related to phage resistance belonged to the CBASS defence system, an abor@ve infec@on 338 

system that acts ûrst through an oligonucleo@de cyclase, ac@vated when the phage 339 

infects the bacterium, and a cyclic oligonucleo@de-sensi@ve eûector that kills the 340 

infected cell through its ac@vity (14, 20, 39). The CBASS proteins iden@ûed were purine-341 

nucleoside phosphorylase, uridine phosphorylase, ubiqui@n-like protein, and 342 

polyubiqui@n, the two ûrst proteins act in the CBASS as eûector proteins as both are 343 

purine nucleoside phosphorylases (PNP) (14), and the ubiqui@n and polyubiqui@n act as 344 

part of the coding of Cap2, a gene whose cataly@c ac@vity is essen@al for the correct 345 

func@oning of the CBASS system (39). Another protein that was absent in the presence 346 

of CAD and related to the restric@on-modiûca@on system (R-M) defence system was the 347 

restric@on endonuclease subunit S (40). The R-M is a type of innate immunity of 348 

prokaryotes that protects cells from the inser@on of foreign DNA, that includes a 349 

restric@on endonuclease (Rease), which recognizes short DNA sequences, and cuts 350 

them, and a methyltransferase (Mtase), which methylates host DNA so that it cannot be 351 

cut by Rease (41). The restric@on endonuclease subunit S belongs to the R-M type I 352 
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system, which is encoded by three genes: hsdR encoding the restric@on subunit (R), 353 

hsdM the modiûca@on subunit (M), and hsdS the recogni@on subunit (S for speciûcity) 354 

(42). Furthermore, a phage tail protein was found only when phage and CAD were 355 

combined, which assures that a produc@ve infec@on was taking place in this condi@on 356 

and new phage progeny was being synthe@zing (43). 357 

Moreover, the QS inhibi@on with the CAD was validated by the lower expression of some 358 

QS proteins when CAD was added in comparison with the control. Some of these 359 

proteins were directly related to the synthesis or regula@on of the AI-2 autoinducer 360 

produc@on, methionine adenosyltransferase (MAT), a key bacterial enzyme involved in 361 

the cascade of regula@on and forma@on of AI-2, the QS autoinducer of K. pneumoniae 362 

(17, 44); and autoinducer 2 ABC transporter substrate-binding protein LsrB, responsible 363 

for transpor@ng AI-2 into cells (17, 45). Finally, in the CAD and phage condi@on, the 364 

ac@va@on of mul@ple resistance mechanisms like eÿux pumps was observed (Fig. 4C), 365 

this is probably a consequence of the presence of CAD, in P. aeruginosa, Tetard A. et al., 366 

showed that exposure to sub-inhibitory concentra@ons of CAD resulted in the 367 

expression of eÿux pump encoding operons (46). 368 

In conclusion, as the inhibi@on of QS signiûcantly reduces phage resistance, its 369 

therapeu@c use could be considered in combina@on with phage cocktails or introducing 370 

the QS inhibitor compound in the phage-an@bio@c combina@on, which could further 371 

enhance the synergy and reduce the appearance of resistance, solving part of the 372 

deûciencies that phages have on their own. For all this, the inhibi@on of QS can be the 373 

piece of the puzzle that completes the great poten@al of phages, and in turn we can ûnd 374 

the solu@on to a problem that is increasingly approaching, MDR bacteria and the lack of 375 

an@bio@cs. 376 

 377 

 378 

 379 

 380 

 381 

 382 
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TABLES 575 

Table 1. Proteins found in the proteomic analysis associated with Quorum Sensing (QS). 576 

Table 2. Proteins found in the proteomic analysis associated with phage defence 577 

mechanisms and phage prolifera@on. 578 

 579 

FIGURES 580 

Figure 1. MIC for Cinnamaldehyde (CAD) and bioûlm produc@on in diûerent clinical 581 

strains. A) MIC obtained for diûerent strains of K. pneumoniae in presence of CAD. B) 582 

Signiûcant decrease in bioûlm produc@on in the strains K3318 and K3573, in presence 583 

of 1mM of CAD respected to the control.  584 

Figure 2. Infec@on curves with the three clinical isolates of K. pneumoniae with phage 585 

alone and in combina@on with CAD. A) Strain K3318 infected with VAC36. B) Strain 586 

K3318 infected with VAC66. C) Strain K3573 infected with VAC36. D) Strain ST974-OXA48 587 

infected with phage VAC66. 588 

Figure 3. Quan@ûca@on of bacteria and phages by CFU/mL and PFU/mL counts in phage 589 

infec@on assays. A) CFU/mL and PFU/mL of strain K3318 infected with phage VAC36. B) 590 

CFU/mL and PFU/mL of strain K3318 infected with phage VAC66. 591 

Figure 4. Graphical representa@on of proteomic analysis. A) Abundance of proteins 592 

belonging to each func@onal group in the CAD combined with VAC36 condi@on. B) 593 

Abundance of proteins belonging to each func@onal group in the VAC36 condi@on. C) 594 

Rela@ve abundance of each func@onal protein group in K3318 infected with phage 595 

VAC36 and with phage VAC36 in combina@on with CAD. Parts of the ûgure were drawn 596 

by using pictures from Servier Medical Art. Servier Medical Art by Servier is licensed 597 

under a Crea@ve Commons Awribu@on 3.0 Unported License 598 

(hwps://crea@vecommons.org/licenses/by/3.0/ ) 599 
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Table 1. 600 

 601 

QUORUM SENSING 

Descrip3on Accession no. -10LgP Control CAD Mechanism Ref. 

 

methionine adenosyltransferase 

 

UZL31645.1 

 

318.0766 

 

1.51E+03 

 

3.89E+02 

 

AI-2 Pathway 

 

(47) 

 

autoinducer 2 ABC transporter 

substrate-binding protein LsrB 

 

UZL28532.1 

 

236.32896 

 

8.80E+02 

 

2.24E+02 

 

AI-2 Pathway 

 

(17) 
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Table 2. 602 
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 604 

 605 

 606 

 607 

   PHAGE DEFENCE 

Descrip3on Accession no. -10LgP CAD+VAC VAC Mechanism Ref. 

purine-nucleoside 

phosphorylase 
UZL32988.1 310.17953 0.00E+00 3.09E+03 CBASS System (14) 

uridine phosphorylase WGN84707.1 187.73683 0.00E+00 2.42E+02 

 

CBASS System 

 

(14) 

restricLon endonuclease 

subunit S 
UZI85743.1 60.279945 

 

0.00E+00 2.32E+03 R-M System (42) 

ubiquiLn-like protein, parLal WP_289465582.1 132.11082 0.00E+00 6.72E+02 

 

CBASS System 

 

(39) 

polyubiquiLn, parLal WP_223807730.1 201.96265 0.00E+00 6.72E+02 CBASS System (39) 

 PHAGE PROTEIN 

Descrip3on Accession no. -10LgP CAD+VAC VAC Mechanism Ref. 

tail ûber domain-containing 

protein 
WP_153932364.1 172.86615 4.65E+02 0.00E+00 Tail phage (43) 
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Figure 1. 608 
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Figure 2. 612 
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Figure 3. 614 
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Figure 4. 616 
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