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13 Abstract

14 Gram-negative bacteria release outer membrane vesicles (OMVs) into the extracellular environment. 

15 Recent studies recognized these vesicles as vectors to horizontal gene transfer, however the parameters 

16 that mediate OMVs transfer within bacterial communities remain unclear. The present study highlights 

17 for the first time the transfer of plasmids containing resistance genes via OMVs derived from Klebsiella 

18 pneumoniae (K. pneumoniae). This mechanism confers DNA protection and it is plasmid copy number 

19 dependent with a ratio of 3.6 time among high copy-number plasmid (pGR) versus low copy number 

20 plasmid (PRM) and the transformation efficiency was 3.6 times greater. Therefore, the DNA amount in 

21 the vesicular lumen and the efficacy of horizontal gene transfer was strictly dependent on the identity 

22 of the plasmid. Moreover, the role of K. pneumoniae-OMVs in interspecies transfer was described. The 

23 transfer ability was not related to the phylogenetic characteristics between the donor and the recipient 

24 species. K. pneumoniae-OMVs transferred plasmid to Escherichia coli, Salmonella enterica, 

25 Pseudomonas aeruginosa and Burkholderia cepacia. These findings address the pivotal role of K. 

26 pneumoniae-OMVs as vectors for antimicrobial resistance genes spread, contributing to the 

27 development of antibiotic resistance in the microbial communities.

28 Running Head: Horizontal gene transfer mediated by K. pneumoniae-OMVs
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34 Author summary

35 K. pneumoniae is an important opportunistic pathogen that affects several host districts, in particular 

36 respiratory and urinary tracts. Hospital-acquired K. pneumoniae infections lead to a 50% mortality rate 

37 correlated with rapid acquisition of antibiotic resistance. Currently, the increasing rate of antibiotic 

38 resistance among K. pneumoniae isolates is a major concern worldwide. The spread of multidrug-

39 resistant K. pneumoniae strains renders current therapeutic options ineffective. Like all Gram-negative 

40 bacteria, K. pneumoniae secretes OMVs. OMVs are spherical structures, with a diameter between 50-

41 250 nm, originating from the outer membrane. OMVs biogenesis allows bacteria to interact with the 

42 external environment, increasing bacterial survival under stressful conditions and regulating microbial 

43 interactions within bacterial communities. Few evidence recognized OMVs as vectors for horizontal 

44 gene transfer, contributing to the spread of resistance. In this scenario, the present study examines the 

45 potential role of K. pneumoniae-OMVs in inter- and intra-species diffusion of ß-lactam resistance.

46 Introduction

47 Horizontal gene transfer (HGT) represents the main source of genetic material transfer among 

48 microorganisms [1]. Indeed, HGT provides a driving force for bacterial evolution, increasing bacterial 

49 survival, adjustment rate in the harshest environments and pathogenicity [2–4]. Current knowledge of 

50 HGT is based on three widely described mechanisms for the exchange of genetic material between 

51 bacteria: transformation, conjugation and transduction [5–7].Transformation involves the natural 

52 uptake of naked DNA from an extracellular environment; this phenomenon occurs when cells are in a 

53 physiological state of competence, regulated by 20-50 proteins [8,9]. Conjugation is a DNA transfer 

54 mechanism through the sexual pilus and requires cell-to-cell contact [10]. Conjugative systems are 

55 frequently associated with plasmid transfer [11]. Transduction entails the transfer of DNA between 

56 bacteria through the bacteriophage infections [12]. The recombinant phage particle can contain up to 

57 100 kilobases of DNA and the infection is limited to host specificity [13]. Recently, several studied 

58 reported that HGT processes is facilitated by Outer Membrane Vesicles (OMVs) [14–17]. 

59 OMVs are spherical nanostructures, 50–250 nm in diameter, released naturally and constitutively by 

60 Gram-negative bacteria during their growth [18]. OMVs originate from the outer membrane (OM) and 

61 include in the vesicular lumen lipopolysaccharide, peptidoglycan, phospholipids, genetic material 

62 (DNA and RNA) and periplasmic and cytoplasmic protein components, during their biogenesis [19]. 

63 Although many aspects of vesicular biogenesis and regulation of their composition remain unclear, the 

64 biological functions associated with OMVs release were extensively described [20,21]. These vesicles 

65 play a key role in the bacteria-environment, bacteria-bacteria and bacteria-host interactions [22,23]. 

66 OMVs are recognized for their role in nutrient acquisition, response to stress, biofilm formation and 
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67 toxins release, adhesion and virulence factors and in host defense system evasion [24]. OMVs role in 

68 HGT was reported in E. coli, Acinetobacter baumannii, Acinetobacter baylyi, Porphyromonas 

69 gingivalis, P. aeruginosa and Thermus thermophilus [25–28]. Yaron et al. demonstrated the transfer of 

70 virulence genes through E. coli-OMVs between bacteria of different species. Moreover, they proved 

71 that the genetic material was protected from digestion with DNase, confirming the packaging in the 

72 vesicular lumen [29]. OMVs derived from A. baumannii were also identified as vectors for antibiotic 

73 resistance gene transfer. In the study of Rumbo et al. plasmid-borne blaOXA-24 gene conferred 

74 carbapenems resistance to sensitive Acinetobacter strains [30]. These evidences highlight the potential 

75 OMVs contribution to the spread of virulence and antibiotic resistance which represents, to date, a 

76 serious risk to human health.

77 In this scenario, K. pneumoniae represents one of the most worrying pathogens involved in nosocomial 

78 infections [31]. The constant antibiotics treatment induces selective pressures, causing the evolution of 

79 multidrug-resistant (MDR) bacteria [32]. Our previous studies demonstrated that OMVs derived from 

80 K. pneumoniae play a crucial role in the microorganism-host interaction, modulating miRNAs genetic 

81 transcription and influencing the inflammatory response [14,33]. Currently, no study showed the role 

82 of K. pneumoniae-OMVs as a carrier for HGT, allowing the transport of genetic material and the spread 

83 of resistance genes. Therefore, this study demonstrates, for the first time, K. pneumoniae-OMVs HGT 

84 role. We investigated OMVs contribution in the genetic material cargo and in intra and inter-species 

85 transfer. After, we collected evidence to demonstrate that plasmid copy number (PCN) might play an 

86 important role in the biogenesis, cargo and in the HGT mechanisms. Finally, we verified OMVs stability 

87 over time and whether storage conditions might influence gene transfer. 

88 Results

89 Characterization of isolated K. pneumoniae-OMVs 

90 To purify the OMVs derived from K. pneumoniae-pGR and K. pneumoniae-PRM, bacteria were grown 

91 in LB supplemented with ampicillin up to the late logarithmic-phase of the bacterial growth curve (see 

92 materials and methods for specifications). Vesicles were collected from culture supernatants and 

93 characterized in terms of morphology, size and polydispersity index (PDI). Purified OMVs appeared at 

94 TEM as electron-dense particles, with uniform spherical morphology (figure 1, panel A and B). No 

95 bacterial contaminant was visualized, demonstrating the total sterility of the vesicular suspensions used. 

96 Dynamic light scattering (DLS) analysis showed that OMVs derived from K. pneumoniae-pGR 

97 measured a size of 113.8 ± 53.7 nm and were characterized by a slightly heterogeneous size distribution, 

98 represented by the PDI of 0.223 (Figure 1 C). OMVs purified from K. pneumoniae-PRM showed a 

99 reduction in size and higher vesicular populations homogeneity, recording a size of 94.13 ± 41.10 nm 

100 and a PDI of 0.191 (Figure 1 D). Purified OMVs were also characterized based on protein profile. The 

101 total vesicular proteins were extracted from K. pneumoniae-OMVs via lysis buffer and then quantified 
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102 by Bradford assay. The protein amount was 35.77 mg and 30.00 mg for K. pneumoniae-pGR and K. 

103 pneumoniae-PRM, respectively, obtained from 600 mL of culture supernatant. Five micrograms of 

104 protein were loaded on 10% SDS-PAGE and the gel was stained with Blue Coomassie (Supplementary 

105 figure 1). The corresponding bands were excised and subjected to in-situ digestion protocols. Peptides 

106 were analyzed by high resolution nanoLC- MS / MS. Mass spectra analysis allowed identifying with 

107 high confidence proteins common to both purified OMVs samples (Supplementary table 1). These 

108 proteins were classified according to the subcellular localization site and biological function (Figures 

109 2, A and B). The vesicles contained 14 membrane-associated proteins (28.57%), 3 periplasmic proteins 

110 (6.12 %) and 32 cytosolic proteins (65.31%). In addition, 3 DNA-binding proteins (6.12%) were 

111 identified among the proteins annotated for their binding function. Twenty-one enzymes were revealed, 

112 including 3 oxidoreductases (14.29%), 2 transferases (9.52%), 1 aminopeptidase (4.76%), 5 lyases 

113 (23.81%), 2 isomerases (9.52%) and 8 ligases (38.10%), (Figure 2 C). To confirm accurate reliability 

114 and reproducibility of data, three independent OMVs purifications were performed and analyzed for 

115 each strain.

116

117 Figure 1. TEM of OMVs purified from K. pneumoniae-pGR (A) and K. pneumoniae-PRM (B) (scale 

118 bar = 200 nm). DLS intensity-weighed distribution of OMVs derived from K. pneumoniae-pGR (C) 

119 and K. pneumoniae-PRM (D).
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120

121 Figure 2. Classification of cellular localization (A), functional annotation (B) and enzymatic classes 

122 (C) of protein extracted from K. pneumoniae-OMVs.

123 DNA packaging in K. pneumoniae OMVs

124 The propensity of K. pneumoniae OMVs to incorporate genetic material during the biogenesis process 

125 was evaluated by transforming bacteria with pGR and PRM plasmids. K. pneumoniae-pGR and K. 

126 pneumoniae-PRM were grown on LB supplemented with 100 µg mL-1 of ampicillin for selection of 

127 transformants. Plasmid DNA extraction and enzymatic digestion profile confirmed the plasmids 

128 presence in the bacterial strains (Supplemental figure 2 A and B). The presence of pGR and PRM 

129 plasmids in K. pneumoniae-OMVs was evaluated by absolute qPCR. To demonstrate that DNA was 

130 present in the vesicular lumen and protected from the extracellular nucleases action, qPCR was 

131 performed using OMVs samples either treated or untreated with DNase. In untreated OMVs, plasmid 

132 concentration was 18.91 ± 0.53 and 14.78 ± 0.91 ng DNA/µg OMVs, for pGR and PRM, respectively. 

133 In OMVs treated with DNase before vesicular lysis, pGR recorded a higher loading density, measuring 

134 10.4 ± 0.05 ng DNA /µg OMVs, which corresponded approximately to 1.9 × 109 PCN /µg OMVs. 

135 Otherwise, PRM measured a plasmid concentration of 3.08 ± 0.62 ng DNA /µg OMVs, corresponding 

136 to 9.6 × 108 PCN /µg OMVs (Figure 3).
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137

138 Figure 3. Determination of PCN in OMVs, using quantitative PCR standard curves. The standard 

139 curves were generated by qPCR of the purified pGR (A) and PRM (B) plasmids. Histogram Graph of 

140 PGR and PRM cargo efficiency, before and after DNase treatment (C) (P value < 0.05). 

141 OMVs mediate the plasmid intra-specie transfer

142 Transformation experiments were performed by isolating OMVs from K. pneumoniae-pGR and K. 

143 pneumoniae-PRM. K. pneumoniae ATCC recipient cells were incubated with 10 μg of OMVs derived 

144 from K. pneumoniae-pGR and K. pneumoniae-PRM. After 24 hours, treated cells were plated on LB-

145 ampicillin agar to detect the plasmid resistance marker in the recipient bacteria. OMVs purified from 

146 K. pneumoniae-pGR induced a transformation efficiency of 2.8 ± 0.1 x 104 CFU / μg. HGT mediated 

147 by K. pneumoniae-PRM-OMVs occurred with a transformation efficiency of 7.8 ± 0.9 x 103 CFU / μg. 

148 In both conditions, no plasmid acquisition occurred when recipient cells were incubated with free 

149 plasmid (Figure 4 A-H). Therefore, HGT via OMVs derived from K. pneumoniae-pGR was 3.6 times 

150 more efficient than the K. pneumoniae-PRM OMVs transfer, with the same vesicular concentration 

151 (Figure 4 I). Colony-PCR was used to confirm that resistant acquisition. PGR and PRM were 

152 determined by amplifying a region of the β-lactamase gene and the amplicon was visualized by agarose 

153 gel electrophoresis (Figure 5 A and B). PCR analysis showed that all grown and selected colonies on 

154 LB-ampicillin plates contained pGR and PRM plasmids. Pre-transformation colonies of K. pneumoniae 

155 did not show amplification, demonstrating the absence of resistance. Amplification of the 16S ribosomal 

156 gene region was used as a housekeeping control. 
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157

158 Figure 4. HGT via OMVs derived from K. pneumoniae-pGR. Untreated cells (A) and cells treated with 

159 free plasmid (B) did not record transformants. K. pneumoniae ATCC treated with 10 µg of OMVs (C) 

160 and bacteria control on LB-plates (D). HGT-OMVs from K. pneumoniae-PRM. Transformation in 

161 untreated (E) and treated with free plasmid (F) bacteria did not occurred. K. pneumoniae ATCC 

162 incubated with 10 µg of OMVs (G) and bacteria control on LB-plates (H). Intra-species HGT efficiency 

163 via OMVs purified from K. pneumoniae-pGR and K. pneumoniae-PRM.

164

165 Figure 5. Colony-PCR from recipient cells treated with K. pneumoniae pGR (A) and K. pneumoniae 

166 PRM (B) OMVs. DNA gel showed PCR products with expected lengths: ß-lactamase product~ 424 bp 

167 (C1-8), ribosomal 16S product ~ 550bp (CH). Control water (C-) and untreated bacteria (Cp) did not show 

168 amplification. 

169 OMVs induce the generalized resistance spread

170 The OMVs potential to transfer genetic material between different microbial species was evaluated. 

171 Five recipient bacterial species were selected based on taxonomic differences (Figure 6A). Cultures of 

172 K. pneumoniae, E. coli, S. enterica, P. aeruginosa and B. cepacia were treated with K. pneumoniae-

173 pGR OMVs. After 24 hours of incubation, recipient cells were plated on LB-ampicillin agar plates and 

174 counted to define the transformation efficiency. OMVs derived from K. pneumoniae-pGR transferred 
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175 plasmid DNA with a transformation efficiency of 2.8 ± 0.1 x 104, 1.7 ± 0.2 x 104, 1.5 ± 0.9 x 104, 1.6 ± 

176 0.1 x 104, 1.8 ± 0.8 x 104 CFU / μg for K. pneumoniae, E. coli, S. enterica, P. aeruginosa and B. cepacia, 

177 respectively (Figure 6 B). Colonies of each recipient bacterial species were selected and subjected to 

178 PCR analysis to confirm the presence of the β-lactamase gene in the recipient species (Supplementary 

179 figure 3 A, B, C and D). Recipient cells incubated with free plasmid pGR and untreated cells did not 

180 acquire antibiotic resistance in any condition.

181

182 Figure 6. Phylogenetic relationship of the recipient species (A). K. pneumoniae-pGR OMVs inter-

183 species transformation efficiency (B). 

184 OMVs stability over time

185 OMV-HGT experiments continued to evaluate transformation efficiency over time, by storing OMVs 

186 derived from K. pneumoniae-pGR at -20 ° C for 30 days and at +4° C for 7 days. A gradual reduction 

187 in transformation efficiency was observed using OMVs treated with DNase and stored at -20 ° C and 

188 +4° C for increasing periods of time. The HGT experiment was conducted using K. pneumoniae ATCC 

189 as a recipient cell. The maximum number of transforms was obtained with OMVs used after 10 days of 

190 storage, showing an efficiency of 2.5 ± 0.1 x 104 CFU / μg. After 20 days, a reduction in efficiency was 

191 verified, recording 7.7 ± 0.9 x 103 CFU / μg. On the 30th day of storage, a drastic decrease of 

192 transformants had occurred, registering 9.1 ± 0.12 x 102 CFU / μg. The OMVs stability at 4 ° C showed 

193 a slight reduction over time. The recorded transformation efficiency was 1.7 ± 0.25 x 104 and 8.0 ± 0.43 

194 x 103 CFU / μg, after 3 and 7 days of storage, respectively (Figure 7).
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195  
196 Figure 7. Transformation frequency of K. pneumoniae-pGR OMVs storage at -20 °C and + 4°C for 30 

197 and 7 days, respectively. 

198 Diagnostic transformed strains characterization 

199 The phenotypic effect correlate to the genotypic resistance detected by PCR analysis was evaluated 

200 through antibiotic susceptibility testing. Each bacterial strain, before and after treatment with OMVs 

201 derived from K. pneumoniae pGR, was examined. Concerning the susceptibility to β-lactams, the 

202 inhibition diameter measured before OMVs treatment were 14.5 ± 0.3, 14 ± 0.01, 18.3 ± 0.07, 25 ± 0.5, 

203 20 ± 0.9 mm for K. pneumoniae, E. coli, S. enterica, P. aeruginosa and B. cepacia respectively. 

204 Inhibition zones recorded were associated with susceptible strains, in accordance with EUCAST 

205 guidelines. After the OMV-HGT, no inhibition area was identified for β-lactam antibiotics, 

206 demonstrating the acquisition of resistance. The inhibition area measured for ciprofloxacin was ≥ 30 

207 mm, before and after OMVs treatment, in each bacterial species (Figure 8). The ciprofloxacin control 

208 was used to demonstrate that the acquired resistance was associated with the plasmid containing β-

209 lactamase gene. 
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210

211 Figure 8. Antibiotic susceptibility of bacteria to ß-lactams. K. pneumoniae pre and post-OMVs 

212 treatment (A, B); E. coli pre and post-OMVs treatment (C, D); P. aeruginosa pre and post-OMVs 

213 treatment (E,F); S. enterica pre and post-OMVs treatment (G, H); B. cepacia pre and post-OMVs 

214 treatment (I, L).

215 Discussion 

216 Horizontal gene transfer plays an important role in promoting bacterial evolution, adaptation to 

217 environmental changes and acquisition of new metabolic capabilities [3]. Genetic pool modifications 

218 as a consequence of genetic transfer were observed in bacterial communities with high frequency rates, 

219 demonstrating the importance of this phenomenon for bacterial survival [34]. Currently, transformation, 

220 transduction and conjugation are considered the three canonical HGT mechanisms, contributing 

221 significantly to genetic diversity [35]. However, novel genetic material exchange events are under 

222 consideration and may be added to those currently known. Nowadays, the HGT mechanism should 

223 include the OMVs secretion by Gram-negative [36]. Previous studies reported that OMVs incorporated 

224 DNA into the lumen and transported it to recipient cells [37]. Currently, no studies assessed the ability 

225 of K. pneumoniae to exploit HGT via OMVs to spread antimicrobial resistance. However, multidrug-

226 resistant K. pneumoniae is increasingly implicated in hospital-acquired infections, causing high 

227 morbidity and mortality. Improved understanding of K. pneumoniae mechanisms to resistance-genes 
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228 spread is needed. Therefore, the focus of this research was the preliminary characterization of HGT 

229 mechanisms mediated by OMVs derived from K. pneumoniae.

230 Firstly, OMVs were isolated from K. pneumoniae-pGR and K. pneumoniae-PRM, respectively. TEM 

231 and DLS analysis revealed that the vesicles featured a spherical morphology, in accordance with our 

232 previously published data, but with a reduced diameter compared with the OMVs collected from K. 

233 pneumoniae ATCC [14]. The different vesicular size could be attributed to the antibiotic presence 

234 during bacterial growth. Indeed, Fulsundar et al. showed that antibiotic and environmental stresses 

235 determined a significant effect on the OMVs production, size and DNA content [17]. These evidences 

236 confirm that OMVs release is a physiologically controlled process, dependent on environmental factors. 

237 The proteomic characterization of OMVs derived from K. pneumoniae-pGR and K. pneumoniae-PRM 

238 identified more than 55 proteins, mainly from the outer membrane and the periplasmic space. Inner 

239 membrane and cytosolic proteins were also detected, demonstrating that, although the mechanism of 

240 inclusion is unclear, cytoplasmic components and portions of membrane were incorporated into OMVs 

241 during the biogenesis process. Finally, the presence of proteins capable of interacting with DNA could 

242 confirm the ability of OMVs to also incorporate genetic material. These results may suggest, in addition 

243 to the OMVs originating from outer membrane budding, the possible existence of another vesiculation 

244 pattern. Indeed, Cruez et al. showed in S. vesiculosa M7T, N. gonorrhoeae, P. aeruginosa PAO1 

245 e A. baumannii AB41 the presence of vesicles containing a bilayer of membrane and highly 

246 electrodense cytoplasmic material. These vesicles were classified as outer-inner membrane vesicles (O-

247 IMVs) [38]. The possible secretion of two vesicle types, OMVs and O-IMVs, could explain how DNA 

248 is incorporated in OMVs, since is not properly clarified. Currently, three models were proposed: i) the 

249 DNA present in the extracellular environment was internalized according with a mechanism similar to 

250 bacterial transformation; ii) DNA was transported through the inner membrane and the cell wall up to 

251 the periplasmic space, where it was included in the OMVs; iii) the DNA inclusion in the vesicles 

252 occurred through the secretion of O-IMV, which incorporate cytoplasmic components and DNA. The 

253 third model is the most accredited and supported by experimental evidence [20]. Although the DNA 

254 inclusion mechanism is not known with absolute certainty, our finding demonstrated that OMVs 

255 secreted by K. pneumoniae were involved in HGT, allowing the spread of resistance genes in microbial 

256 communities. 

257 Contextually, our manuscript demonstrated that K. pneumoniae transferred genetic material, 

258 incorporating DNA within the OMVs and protecting it from the extracellular exonucleases action. The 

259 DNA in the vesicular lumen was transferred to the recipient cell by determining the acquisition of 

260 resistance genes present in the plasmid. The recipient cell K. pneumoniae, after contact with OMVs, 

261 acquired and expressed resistance to ampicillin, proving the OMVs ability to promote intraspecies HGT. 

262 Plasmid transfer did not occur when cells were incubated with free plasmid, suggesting that vesicles 

263 could represent a physiological mechanism that exceeds environmental limits (exonuclease 
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264 degradation, dilution of gene material, long-distance transfer, etc.) and associated with the donor / 

265 recipient cell (state of competence, high vesicle-OM affinity, correlation phylogenetics, etc.). 

266 Moreover, the transfer efficiency over time of the stored OMVs was evaluated. The transfer rates 

267 remained unchanged for up to 10 days. Thereafter, the number of transformants gradually decreased for 

268 up to 30 days. Similar trends were shown in the study conducted by Chatterjee et al. on OMVs derived 

269 from A. baumannii, confirming the long-lasting stability without cryopreservatives [26]. Subsequently, 

270 it was investigated whether plasmid identity affected incorporation and transfer rate. The transfer of 

271 two different plasmids via K. pneumoniae-OMVs was examined, showing that the plasmid type induced 

272 changes in packaging and transformation rate. The high copy number plasmid (pGR) was loaded and 

273 transferred with greater efficiency compared to the low copy number plasmid (PRM). Our results were 

274 in line with a study conducted by Tran and Boedicker, in which the low copy number plasmid 

275 (pZS2501) had a low loading capacity (0.49 × 103 copies per pg of OMVs), while the high-copy number 

276 plasmids (pLC291 and pUC19) showed a high loading potential (2.58 × 103 and 482.7 × 103 copies per 

277 pg of OMVs) [16]. Therefore, the plasmid cargo in the OMVs was strictly dependent on the copy 

278 number: the higher the PCN, the greater the plasmid amount in the OMVs and consequently the 

279 transformation efficiency. OMVs-mediated transfer exceeds the limits observed in other HGT-

280 mechanisms [39]. Chatterjee et al. have already reported the ability of A. baumannii-OMVs to allow 

281 interspecies gene transfer [26]. For this reason, interspecies gene exchange was observed via K. 

282 pneumoniae-OMVs, using 4 different recipient species: E. coli, S. enterica, P. aeruginosa and B. 

283 cepacia. The generalized transfer to the different bacterial genera highlighted the HGT-OMVs 

284 efficiency, which verified independently of the phylogenetic correlation between the donor and 

285 recipient cell. Our experimental evidence showed that OMVs contributed to genetic exchange in 

286 microbial communities even among distantly related bacteria, without specific exchange mechanisms. 

287 Future studies will examine the possibility of OMVs to exchange DNA between different Gram-positive 

288 species. 

289 In summary, the present study demonstrates, for the first time, the resistance gene to β-lactams spreads 

290 through OMVs secreted by K. pneumoniae. This innovative HGT mechanism allows for intra-species 

291 or inter-species diffusion, persistent over time and apparently not associated with specific limitations. 

292 Our future objectives will be studies aimed at blocking vesicular biogenesis, particularly of multidrug-

293 resistant strains, to limit the spread of antibiotic resistance. 

294 Materials and Methods 

295 Bacterial Strains, plasmids and growing conditions

296 The strains used in this study were obtained from the American Type Culture Collection (ATCC) 

297 (Manassas, USA). K. pneumoniae ATCC 10031 was used for the OMVs purification. K. pneumoniae 

298 was transformed using the calcium chloride method with pGR (K. pneumoniae-pGR) (Addgene, 
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299 Massachusetts, USA) and PRM-GFP (K. pneumoniae-PRM) (Addgene, Massachusetts, USA) 

300 respectively [40,41]. The first one was a high copy number plasmid (500 ~ 600 copies) containing genes 

301 for green fluorescent protein (GFP) and β-lactamase which conferred resistance to ampicillin. PRM was 

302 a plasmid containing the same genes and differed in copy number (10 ~ 12 copies). After transformation, 

303 K. pneumoniae-pGR and K. pneumoniae-PRM were cultured on Luria-Bertani agar (LB) (Sigma-

304 Aldrich, St. Louis, USA) containing 100 μg mL−1 of ampicillin (Sigma-Aldrich, St. Louis, USA). E. 

305 coli ATCC 25922, S. enterica ATCC 14028, P. aeruginosa ATCC 13388 and Burkholderia cepacia 

306 ATCC 25416 were used as recipient strains for the HGT mediated by OMVs. All bacterial strains were 

307 cultured in LB (Sigma-Aldrich, St. Louis, USA) medium at 37 °C under orbital shaking at 180 rpm.

308 OMVs Purification

309 OMVs were isolated from liquid cultures of K. pneumoniae-pGR and K. pneumoniae-PRM-GFP as 

310 previously described with modifications [42]. Ten milliliters of overnight (O/N) bacterial culture were 

311 inoculated in 600 mL of LB containing 100 µg mL-1 ampicillin. The bacterial inoculum was cultured at 

312 37 °C under orbital shaking (180 rpm) for 8-12 hours, up to the OD600 nm value of 1. The cultures were 

313 centrifuged at 4000 × g at 4 °C for 20 min, to remove bacterial cells. Supernatants were decanted and 

314 filtered using vacuum Stericup™ 0.45 μm and 0.22 μm pore size polyethersulfone (PES) top filter 

315 (Millipore, Massachusetts, USA), to deflect remaining bacteria and cell debris. Vesicles were collected 

316 from cell-free supernatant culture by ultracentrifugation at 100000 × g (centrifuge Optima XPN-100 

317 Beckman Coulter and rotor SW28) at 4 °C for 1.5 hours. Pellets were washed in sterile phosphate 

318 buffered saline 1X (PBS) by ultracentrifugation (100.000 × g at 4 °C for 1.5 hours). Vesicular pellets 

319 were suspended in 250 μL of PBS 1X and OMVs sterility was checked by inoculating 10 μL of vesicles 

320 on LB agar plates. OMV samples were treated with DNase (Applied Biological Materials – abm, British 

321 Columbia, Canada) according to the manufacturer's protocol and stored at -20 °C until use.

322 Transmission electron microscopy (TEM)

323 Purified OMVs were visualized by TEM, using negative staining. Five microliters of sample were 

324 adsorbed on carbon-coated copper/palladium grids for 30 min. A drop of sterile deionized water was 

325 used to wash the grids and a negative staining was realized by addition of 5 µL of 1% (w / v) uranyl 

326 acetate. TEM images were acquired using an EM 208 S transmission electron microscope (Philips, 

327 Amsterdam, Netherlands).

328 OMVs size characterization by Dynamic Light Scattering (DLS)

329 Vesicles diameter size (Z-ave) and PDI analysis were performed using Zetasizer Nano-ZS (Malvern 

330 Instruments, Worcestershire, UK). For DLS, 40 µL of OMVs aliquot were mixed gently and transferred 

331 to sterile cuvettes. All measurements were conducted at 25 °C and three independent experiments for 
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332 each purification were performed. DLS data were processed using Zetasizer software (V 7.11) provided 

333 by Malvern Panalytical (Malvern, UK).

334 OMVs protein profile by tandem mass spectrometry (MS/MS) 

335 For protein profile, OMVs were incubated with 1% Triton X-100 for 1 h at 4 °C. Lysed vesicles were 

336 centrifuged at 14.000 × g at 4 °C for 30 min and the supernatant was examined for protein amount by 

337 Bradford assay (HIMEDIA, Maharashtra, India). The protein extract was subjected to 10% sodium 

338 dodecyl sulfate polyacrylamide gel electrophoresis (SDS-PAGE). The gel was stained with Coomassie 

339 Brilliant blue G250 (Sigma-Aldrich St. Louis, USA) and different bands were cut to perform MS and 

340 MS / MS analysis, as previously described [14]. Briefly, protein bands were extracted from the gel and 

341 digested with trypsin. NanoUPLC-hr MS / MS analysis of the resulting peptide mixtures were 

342 performed on a Q-Exactive orbitrap mass spectrometer (Thermo Fisher Scientific, USA), coupled with 

343 a nanoUltimate300 UHPLC system (Thermo Fisher Scientific, USA). For protein identification, mass 

344 spectra were subjected to analysis by Mascot software (v2.5, Matrix Science, Boston, MA, USA), using 

345 the non-database redundant UniprotKB / Swiss-Prot (version 2020_03). The identified proteins were 

346 analyzed by subcellular localization, biological processes and molecular functions using Uniprot 

347 software (https://www.uniprot.org/).

348 Intra-vesicular DNA analysis

349 Plasmid concentration in OMVs was determined by Real-time PCR (qPCR) using BrightGreen qPCR 

350 MasterMix Kits (abm, British Columbia, Canada), according to the manufacturer's instructions. For 

351 DNA extraction, vesicles were lysed by boiling at 100 °C for 10 minutes. Two microliters of OMVs 

352 were added to 0.2 μM of primer, 1X mastermix in a final reaction volume of 20 μL. Primers used for 

353 qPCR were: β-lactamase Fw 5’- AACTTTATCCGCCTCCATCC-3’, β-lactamase Rev 3’- 

354 GCTATGTGGCGCGGTATTAT-5’. The amplification was performed in CFX96 Touch Real-Time 

355 PCR Detection System (Bio-Rad, California, USA), using the following amplification program: 

356 denaturation at 95 °C for 15 second, annealing at 60 °C for 20 second and extension at 72 °C for 15 

357 second (40 cycles). The standard curves were constructed using purified plasmids from K. pneumoniae-

358 pGR and K. pneumoniae-PRM respectively. Plasmid concentration in OMVs was converted in plasmid 

359 copy number (PCN), according to the formula:

360 PCN = 𝑛𝑔 𝐷𝑁𝐴 ×  6.022𝑥1023

𝑙𝑒𝑛𝑔𝑡ℎ ×  1𝑥109 ×  650 

361 (http://cels.uri.edu/gsc/cndna.html). Subsequently, plasmid loading was estimated based on OMVs 

362 protein concentrations.

363 OMVs mediated gene transfer
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364 For gene transfer experiments through OMVs, the recipient strains K. pneumoniae ATCC, E. coli 

365 ATCC, P. aeruginosa ATCC, B. cepacia ATCC and S. enterica ATCC were inoculated in LB-broth up 

366 to OD600 nm value of 0.4. Cells were diluted in cold LB at final concentration of 107 CFU / mL. Bacterial 

367 suspensions (60 μL) were incubated with 10 µg of OMVs statically for 4 hours at 37 °C and 

368 subsequently, for 4 hours under orbital shaking (180 rpm) at 37 °C. Fresh LB medium was added to 

369 each bacterial suspension and then incubated O/N under orbital shaking (180 rpm) at 37 °C. To further 

370 confirm that the plasmid transfer was mediated by OMVs, two separate experiments were performed 

371 with: (i) free plasmid and (ii) untreated cells. The following day, a 100 μL aliquot of bacteria was plated 

372 on LB-agar supplemented with 100 μg mL-1 ampicillin and incubated O/N at 37°C. The bacterial 

373 colonies (C1-8) were counted to define the transformation efficiency, according to the formula:

374 Transformation efficiency [CFU / μg] =
𝑁𝑢𝑚𝑏𝑒𝑟 𝑜𝑓 𝑐𝑜𝑙𝑜𝑛𝑖𝑒𝑠 ×  𝐷𝑖𝑙𝑢𝑖𝑡𝑖𝑜𝑛 𝑓𝑎𝑐𝑡𝑜𝑟

𝐷𝑁𝐴 𝑞𝑢𝑎𝑛𝑡𝑖𝑡𝑦

375 The same transformation experiments were performed using OMVs stored at -20 ° C for 10, 20 and 30 

376 days and OMVs stored at +4°C for 3 and 7 days.

377 Polymerase Chain Reaction (PCR) screening 

378 After OMVs gene transfer, bacterial colonies grown on LB-agar supplemented with 100 μg mL−1 

379 ampicillin were selected and subjected to molecular investigation for the presence of the plasmid by 

380 colony-PCR. Each bacterial colony was lysed by heat-shock and then centrifuged at 16.000 × g at 4°C 

381 for 10 min. The supernatant was transferred to a new Eppendorf and the DNA concentration was 

382 examined by NanoDrop 1000 spectrophotometer (Thermo Fisher Scientific, Massachusetts, USA). PCR 

383 were performed in a total volume of 50 μL containing 1 μM each primer, 1X Taq Master Mix (abm, 

384 British Columbia, Canada) and 100 ng of DNA. The primers used to amplify the 424 bp region of β-

385 lactamase gene were Fw 5’- AACTTTATCCGCCTCCATCC-3’, Rev 3’- 

386 GCTATGTGGCGCGGTATTAT-5’. The amplification was conducted in Thermal cycler UNO96 

387 (VWR International, Pennsylvania, USA) according to the following program: initial denaturation at 

388 94°C for 3 min, 35 cycles of amplification in which each cycle was denatured at 94 °C for 30 second, 

389 annealed at 57.3 °C for 30 second and extended at 72 °C 1 min; the final extension at 72 °C for 5 min. 

390 As a housekeeping gene control, 16S rRNA gene was amplified, using the primers: Fw 5’- 

391 GGTAGAGTTTGATCCTGGCTCAG-3’, Rev 3’- ATTACCGCGGCTGCTGG-5’. The used program 

392 was: initial denaturation at 94°C for 1 min, 30 cycles of amplification in which each cycle was denatured 

393 at 94 °C for 1 min, annealed at 58 °C for 1 min and extended at 72 °C 1.5 min; the final extension at 72 

394 °C for 10 min. To visualize the amplification product, 1% agarose gel electrophoresis was performed. 

395 Antibiotic susceptibility test

396 The disk diffusion assay was performed according to the National Committee on Clinical Laboratory 

397 Standards (NCCLS) [43]. Fresh colonies, before and after OMVs treatment, were inoculated in 
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398 physiological solutions to 0.5 McFarland turbidity. With cotton swab dipped in the bacterial inoculum, 

399 the solution was homogeneously plated into Mueller-Hinton (MH) agar plates. Disks of ampicillin (10 

400 μg) (Thermo Fisher Scientific, Massachusetts, USA), piperacillin (30 μg) (Thermo Fisher Scientific, 

401 Massachusetts, USA) and ciprofloxacin (5 μg) (Thermo Fisher Scientific, Massachusetts, USA) were 

402 placed on the plates and were incubated at 37 °C O/N. The antibiotic susceptibility was examined by 

403 measuring the zone of inhibition diameter, according to the European Committee on Antimicrobial 

404 Susceptibility Testing (EUCAST) guidelines.
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