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14
15 Abstract

16 A global medical crisis is unfolding as antibiotics lose effectiveness against a growing 

17 number of bacterial pathogens. Horizontal gene transfer (HGT) contributes significantly to the 

18 rapid spread of resistance, yet the transmission dynamics of genes that confer antibiotic 

19 resistance are poorly understood. Multiple mechanisms of HGT liberate genes from normal 

20 vertical inheritance. Conjugation by plasmids, transduction by bacteriophages, and natural 

21 transformation by extracellular DNA each allow genetic material to jump between strains and 

22 species. Thus, HGT adds an important dimension to infectious disease whereby an antibiotic 

23 resistance gene (ARG) can be the agent of an outbreak by transferring resistance to multiple 

24 unrelated pathogens. Here we review the small number of cases where HGT has been detected in 

25 clinical environments. We discuss differences and synergies between the spread of plasmid-

26 borne and chromosomal ARGs, with a special consideration of the difficulties of detecting 

27 transduction and transformation by routine genetic diagnostics. We highlight how 11 of the top 

28 12 priority antibiotic resistant pathogens are known or predicted to be naturally transformable, 

29 raising the possibility that this mechanism of HGT makes significant contributions to the spread 

30 of ARGs. HGT drives the evolution of untreatable “superbugs” by concentrating ARGs together 

31 in the same cell, thus HGT must be included in strategies to prevent the emergence of resistant 

32 organisms in hospitals and other clinical settings.

33

34 Key words: Antibiotic resistance, Horizontal gene transfer, Conjugation, Transduction, Natural 
35 transformation 
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36

37 Antibiotic resistance and horizontal gene transfer

38 Antimicrobials that kill or inhibit infectious diseases are essential clinical tools, yet 

39 resistance continues to emerge, diversify and spread rapidly. Globally, antimicrobial-resistant 

40 infections kill at least 700,000 people each year; within 30 years, resistant infections are 

41 predicted to kill 10,000,000 per year, greatly exceeding deaths from cancer (O’Neill 2014). This 

42 apocalypse of resistance is estimated to become the greatest challenge in healthcare by 2050. 

43 Antibiotics are a subset of antimicrobials that inhibit essential functions in bacteria. Antibiotics 

44 are natural products or derivatives of natural products, and are used widely to treat and prevent 

45 bacterial infections in humans and other animals. Most antibiotic resistant (AR) infections are 

46 thought to occur in hospitals, where they increase the risks associated with medical treatments 

47 and undermine the ability of hospitals to provide safe places to heal (Davies and Davies 2010; 

48 Gordon et al. 2017). Bacterial AR is already making routine surgeries and hospital visits 

49 increasingly risky. The epidemic is particularly problematic in long-term acute care facilities, 

50 where over 25% of healthcare-associated infections are caused by AR bacteria (O’Neill 2014). 

51 Resistant bacterial populations spread when antibiotics exert selective pressures that favour 

52 resistance. Antibiotics can also eliminate susceptible microbial populations, reducing 

53 competition and expanding the resources available to resistant bacteria (Conlan et al. 2014; 

54 Sommer and Dantas 2011). Additionally, AR is spreading rapidly because once a resistance gene 

55 evolves in one bacterium, it can spread to other cells and other bacterial species (Huddleston 

56 2014; Juhas 2015; Klümper et al. 2015). 

57 To tackle the rising problem of AR, we must understand how bacteria acquire and 

58 transmit resistant genes in clinical settings. Horizontal gene transfer (HGT) allows microbial 

59 species to acquire new genetic material from outside their clonal lineage. Through HGT, 

60 microbes can sample and share a large gene pool, which may encode traits that are useful in their 

61 local environment (Pilla et al. 2017; Sørensen et al. 2005). For example, when bacteria are faced 

62 with strong selective pressures, such as the presence of antimicrobials, horizontal acquisition of 

63 antibiotic resistance genes (ARG) enables diversification of genomes and creates a potential for 

64 rapid fitness increases. Indeed, HGT can be faster than spontaneous mutations to provide genes 

65 necessary for survival (Charpentier et al. 2012). HGT also contributes to infections and 
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66 outbreaks by transferring pathogenic traits such as virulence genes and the ability to form 

67 biofilms (Hiller et al. 2010). While the study of HGT has progressed for some environments, 

68 such as wastewater treatment plants, studies to track and quantify rates and drivers of HGT have 

69 not yet been conducted in clinical environments where pathogens are most problematic. 

70 The purpose of this review is to explore how the three primary mechanisms of horizontal 

71 gene transfer in bacteria (conjugation, transduction, and natural transformation) may contribute 

72 to the spread of AR in clinical environments. The role of plasmids in the transfer and global 

73 spread of many ARGs is well established, and recent studies outlined below have uncovered 

74 important examples of plasmid-mediated transfer of ARGs in hospitals and in patients. 

75 Conversely, the frequency of gene transfer by transduction or by natural transformation is poorly 

76 characterized. Although these two mechanisms are presumed to have less of a role than 

77 conjugation, transduction and natural transformation cannot be overlooked because these 

78 mechanisms of HGT can transfer both plasmids and chromosomally-encoded ARGs. 

79 Importantly, the World Health Organization published its first ever list of antibiotic 

80 resistant "priority pathogens" in 2017 (Tacconelli and Magrini 2017). The list is composed of 

81 eleven species and one group of bacteria considered to pose the greatest threat to human health 

82 because of the severity of diseases they cause and the loss of effective antibiotics to treat them. 

83 Eight of these species can engage in DNA uptake through natural competence, while the three 

84 types of Enterobacteriaceae on the list are predicted to be naturally competent in nature (Table 1) 

85 (Cameron and Redfield 2006). This high potential for natural transformation underscores how 

86 enhanced research attention is required to characterize how the multiple mechanisms of HGT 

87 contribute to the spread of AR. 

88

89 Horizontal gene transfer is ubiquitous, but understudied in clinical environments 

90 Quantifying the rate and direction of gene flow is a crucial knowledge gap that must be 

91 filled to effectively mitigate the spread of antibiotic resistance. Reservoirs of AR organisms in 

92 hospitals have been well documented (Gordon et al. 2017; Huddleston 2014; Weingarten et al. 

93 2018), as have transmission routes between these reservoirs (Breathnach et al. 2012; Hota et al. 

94 2009; Paterson and Bonomo 2005; Weingarten et al. 2018), but the rates of horizontal transfer in 

95 clinical environments and the impacts of HGT on disease frequency remain unknown or 
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96 speculative. Many aspects of clinical environments are unique and quite unlike natural 

97 environments where HGT is better characterized. Bacterial activities in clinical environments are 

98 influenced by variables such as the regular use of detergents and disinfectants, temporal aspects 

99 of human movement and contact networks, and specialized physical features designed to reduce 

100 and prevent transmission of infectious diseases. Moreover, ethical considerations prevent 

101 scientific experimentation with ARG transmission in healthcare settings, and strict privacy rules 

102 reduce the ease of conducting targeted studies to track HGT. Altogether, the unique features of 

103 clinical settings necessitate focused studies to determine the kinetics and frequency of HGT 

104 events.

105 Plasmids, bacteriophages, and extracellular DNA are the three primary drivers of HGT 

106 through the processes of conjugation, transduction, and natural transformation, respectively. 

107 Plasmids and bacteriophages are ubiquitous genetic features of bacteria. The capacity for natural 

108 transformation is more sporadically distributed, yet it predates diversification of the bacterial 

109 Gram-positive and Gram-negative clades (Johnston et al. 2014). Gene transfer by each of the 

110 three mechanisms is favoured between closely related organisms, but can occur between 

111 phylogenetically distant organisms (Wiedenbeck and Cohan 2011). The ubiquity of plasmids and 

112 bacteriophages and the broad phylogenetic distribution of natural transformation means that 

113 these ancient agents of HGT function in a vast array of environments and ecosystems. In other 

114 words, the transfer of ARGs will occur by the same mechanisms in clinical environments, on 

115 human hosts, in human communities, and in almost all natural environments.

116 Although very little data is available regarding sources, mechanisms, or frequencies of 

117 ARG transfer between clinical reservoirs (Andersson and Hughes 2017), there are multiple cases 

118 in which the same antibiotic resistance gene has been detected simultaneously on hospital 

119 surfaces and in patients (Conlan et al. 2014; Hota et al. 2009; Lowe et al. 2012). Recently, the 

120 rate of blaOXA-48 plasmid transfer between Klebsiella pneumoniae and Escherichia coli within 

121 hosts was estimated from hospital epidemiological data paired with mathematical modeling 

122 (Haverkate et al. 2015). These analyses provide estimates of genetic transfer rates that can be 

123 empirically tested and refined. 

124 Community outbreaks of infectious diseases driven by HGT further illustrate the 

125 potential impacts of HGT events in clinical settings. For example, Shigella outbreaks emerged in 
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126 the United Kingdom due to the transfer of a plasmid-encoded ARG (Baker et al. 2018). The 

127 dissemination of a plasmid encoding azithromycin resistance allowed previously low frequency 

128 pathogens to spread because traditional antibiotics were no longer effective. Ultimately, multiple 

129 outbreaks of different strains occurred as a result of independent acquisition of the same plasmid 

130 (Baker et al. 2018). This example of environmental Shigella is no different from the evolutionary 

131 processes and molecular mechanisms that facilitate HGT between potential pathogens in clinical 

132 environments. Unfortunately, infections with AR bacteria in clinical settings are more likely to 

133 be fatal, particularly for immunocompromised patients who are already more likely to be 

134 exposed to clinical environments (Conlan et al. 2014; Martin et al. 2017; Mathers et al. 2011; 

135 Snitkin et al. 2012; Tofteland et al. 2013). 

136

137 Conjugation mobilizes plasmid-borne ARGs in clinical environments

138 Plasmids are extrachromosomal genetic elements that replicate independently of 

139 chromosomes. Persistence of these selfish genetic elements is improved when they carry genes 

140 that are useful to the host cell, such as ARGs in the presence of antibiotics. Consequently, many 

141 different ARGs circulate on plasmids (Blair et al. 2014). Plasmids disseminate through bacterial 

142 populations primarily through the process of conjugation. Conjugation requires physical contact 

143 between two cells in the same environment, followed by the formation of a bridge that enables 

144 the transfer of a plasmid from a donor to a recipient cell (reviewed in Sørensen et al. 2015). 

145 Plasmid-mediated resistance to -lactam antibiotics provides prime examples of how 

146 HGT exacerbates AR challenges in hospitals. Extended-spectrum -lactamases (ESBLs) and 

147 carbapenemase confer resistance by hydrolyzing -lactam antibiotics, including penicillin, 

148 carbapenems, and cephalosporins (Paterson and Bonomo 2005). -lactam resistance genes are 

149 commonly located on plasmids and thus disseminate by inter- and intra-species conjugation in 

150 the Enterobacteriaceae, Pseudomonas, and Acinetobacter (Balm et al. 2013; Conlan et al. 2014; 

151 Gorrie et al. 2018; Huang et al. 2015; Martin et al. 2017; Mathers et al. 2011; Phan et al. 2018; 

152 Tofteland et al. 2013; Valenzuela et al. 2007; Weingarten et al. 2018). On a global scale, the 

153 plasmid pCT spread the blaCTX-M-14 to animals and humans across multiple continents (Cottell et 

154 al. 2011). The broad and rapid dissemination of ESBLs indicates that these genes function 
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155 effectively in new host cells immediately after HGT. This facility of gene transfer has resulted in 

156 ESBL-containing bacteria being detected on hospital surfaces (Boyd et al. 2015; Kac et al. 2004; 

157 Lowe et al. 2012; Weingarten et al. 2018), and in wastewater downstream of hospitals 

158 (Breathnach et al. 2012; Egbule 2016; Korzeniewska and Harnisz 2013; Ludden et al. 2017; 

159 Weingarten et al. 2018). As well, ESBL-encoding plasmids were inferred to have transferred 

160 between species within a hospital sink environment (Boyd et al. 2015; Weingarten et al. 2018), 

161 highlighting how microenvironments in hospitals can enable gene transfer among bacteria. 

162 Whole-genome sequencing revealed that ESBL outbreaks can be caused by transmissible 

163 genetic elements moving between bacterial species. Several of the first documented cases of 

164 plasmid-mediated outbreaks occurred between 2007 and 2013 when plasmids encoding blaKPC 

165 originated in K. pneumoniae and transmitted to at least five other species in three separate 

166 hospitals (Conlan et al. 2014; Mathers et al. 2011; Tofteland et al. 2013). In all cases, one or 

167 more carbapenemase variants were located in transposable elements which transferred 

168 horizontally (Conlan et al. 2014; Mathers et al. 2011; Tofteland et al. 2013). In one case, a K. 

169 pneumoniae isolate lost the bla-encoding plasmid, perhaps due to plasmid instability and 

170 metabolic cost, which was determined by the isolation of the same strain two years apart 

171 (Tofteland et al. 2013). Based on the detection of identical ARG-carrying plasmids in patients 

172 and on hospital surfaces, outbreaks were likely prolonged by plasmid exchange between 

173 reservoirs (Mathers et al. 2011; Tofteland et al. 2013). Based on genomic sequencing, 

174 carbapenem-resistant isolates were determined to have been acquired through nosocomial or 

175 outside transmission (Conlan et al. 2014). The fine-scale resolution achieved by DNA 

176 sequencing paired with clinical data has great implications for tracking outbreaks and improving 

177 infection control measures within hospitals. However, epidemiological links can be hard to 

178 confirm due to infrequent environmental sampling for ARGs.

179 The observation of ARG within a single patient is remarkable and has broad implications 

180 for the emergence of new infectious diseases. A single person was infected with multiple strains 

181 of carbapenem-resistant Klebsiella and Escherichia, and researchers were able to reconstruct the 

182 transmission events where conjugation transferred the blaKPC-3 resistance gene between bacterial 

183 species residing in the human host (Mulvey et al. 2016). The same blaKPC-3 carbapenemase gene 

184 was situated within three transposon variants that differed by a single nucleotide and a 100 base 
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185 pair deletion. One of these transposons jumped between two different plasmid incompatibility 

186 groups and across multiple strains of K. pneumoniae and E. coli (Mulvey et al. 2016). 

187 Transmission of the ARG was determined by DNA sequencing revealed the single nucleotide 

188 variants blaKPC-3, which enabled reconstruction of the transmission events that spread the 

189 transposon and plasmids between organisms in the infected individual over time (Mulvey et al. 

190 2016). 

191 Laboratory experiments have confirmed that plasmids isolated from AR outbreaks in 

192 hospitals can transfer by conjugation between bacterial species. For example, conjugation 

193 transferred plasmids with clinically relevant ESBL-encoding genes blaOXA-48, blaNDM-1, blaKPC-2 

194 and blaSHV-1 from K. pneumoniae hospital isolates to laboratory E. coli (Pitart et al. 2011; 

195 Tofteland et al. 2013; Zheng et al. 2016). 

196 Plasmid transfer also impacts clinical resistance in Gram-positive bacteria, such as 

197 Staphylococcus aureus. Infections caused by methicillin-resistant S. aureus (MRSA), a persistent 

198 colonizer of hospitals and a frequent cause of hospital-acquired infections, are difficult to treat 

199 with conventional antibiotics (Grundmann et al. 2006). Vancomycin is a last-resort antibiotic for 

200 treating MRSA and other AR infections. However, vancomycin-resistant S. aureus (VRSA) 

201 evolved from MRSA through horizontal acquisition of a plasmid from Enterococcus faecalis 

202 (Gardete and Tomasz 2014; Weigel et al. 2003). This event provides a key example of how HGT 

203 concentrates resistance genes in genomes, contributing to the emergence of so called 

204 “superbugs” for which effective antibiotic treatments are lacking. 

205 Conjugation can be stimulated by antibiotics, which is particularly relevant in clinical 

206 settings where antibiotics are used frequently. Exposure to minimum inhibitory concentrations of 

207 two antibiotics (kanamycin and streptomycin, or gentamycin and chloramphenicol) was found to 

208 stimulate conjugation between multiple Gram-negative species (Xia et al. 2008; Zhang et al. 

209 2013). Antibiotics can act as chemical signals that modulate transcription of genes for virulence, 

210 DNA repair, and DNA transfer (Goh et al. 2002; Lopatkin et al. 2016; Prudhomme et al. 2006; 

211 Xia et al. 2008). Genes such as oppA and rbsB, which are involved in plasmid transfer and 

212 membrane transport systems, were found to be upregulated in E. coli after antibiotic treatment 

213 (Zhang et al. 2013). Indirectly, antibiotics can modify cell wall composition or stimulate 
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214 expression of SOS response genes to activate conjugative phenotypes (Al-Masaudi et al. 1991; 

215 Beaber et al. 2004; Goh et al. 2002; Lopatkin et al. 2016; Yim et al. 2007). For example, 

216 vancomycin binds to peptidoglycan precursors, and it was found to stimulate plasmid transfer in 

217 S. aureus, perhaps by changing the cell wall composition (Al-Masaudi et al. 1991). 

218 Fluoroquinolone antibiotics cause DNA damage that can stimulate the SOS DNA repair 

219 response; after induction by antibiotic treatment, SOS genes have been shown to stimulate 

220 conjugation between Vibrio cholerae and E. coli (Beaber et al. 2004). This conjugative activity is 

221 possibly a selfish mechanism used by plasmids to escape crippled host cells. Conversely, an 

222 antibiotic-inducible conjugative phenotype was disputed when Lopatkin and colleagues tested 

223 many parameters involving conjugation in the presence of antibiotics and found that the 

224 physiological state of cells and energy availability had greater impacts on conjugation frequency 

225 than antibiotics (Lopatkin et al. 2016). Moreover, an antibiotic may simultaneously decrease the 

226 potential for conjugation by reducing the size of the sensitive recipient population (Lopatkin et 

227 al. 2016). The above conjugation experiments have been conducted in laboratories, but as 

228 multiple antibiotics are present in clinical environments, these phenomena could be occurring in 

229 clinical settings at currently undetected levels.

230 Even without antibiotic pressure in the environment, and despite the metabolic cost of 

231 plasmid replication, plasmids can be stably maintained in bacterial populations by dedicated 

232 partitioning systems and post-segregational killing of cells that lose plasmids (Sommer and 

233 Dantas 2011; Sørensen et al. 2005). The persistence of AR plasmids in the absence of antibiotics 

234 is problematic because it increases the potential for HGT despite improved antimicrobial 

235 stewardship efforts. 

236

237 Transduction in clinical settings

238 Transduction is acknowledged as a potential contributor to the spread ARGs, especially 

239 between members of the same species (Dzidic and Bedekovic 2003; Gillings 2017; Hens et al. 

240 2006; and reviewed in Brown-Jaque et al. 2015). Transduction occurs when viral particles 

241 transfer bacterial genes. After infection with a bacteriophage, bacterial DNA is sometimes 

242 accidentally packaged in a bacteriophage capsid. A capsid containing bacterial DNA is fully 
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243 capable of binding to a recipient cell and injecting the foreign DNA. If the transferred bacterial 

244 DNA is recombined into the genome of the recipient cell, transduction has occurred. 

245 There is currently only indirect evidence that transduction occurs in hospitals. 

246 Bacteriophages isolated from hospital-acquired MRSA infections were found to readily 

247 transduce ARGs to sensitive strains in the laboratory (Stanczak-Mrozek et al. 2015). Similarly, 

248 tetracycline and penicillin resistance genes could be transduced between hospital isolates of S. 

249 aureus (Mašlaňová et al. 2016), consistent with the known ability of bacteriophages to transmit 

250 chromosomal ARGs from MRSA to recipient strains in the laboratory (Chlebowicz et al. 2014). 

251 Because bacteriophage-mediated transfer of AR can occur in laboratories, transduction could be 

252 a significant contributor to emergence and persistence of antibiotic resistance in clinically-

253 relevant S. aureus. In Gram-negative bacteria, transduction has been observed to transfer 

254 multiple ARGs, including ESBL genes, from Pseudomonas hospital isolates to other 

255 Pseudomonas strains in the laboratory (Blahová et al. 2013). Similarly, -lactamase genes can be 

256 transduced between Acinetobacter strains in the laboratory (Krahn et al. 2016). 

257 It is hypothesized that some ESBL producing Gram-negative pathogens arose through 

258 transduction. The CTX-M family of ESBL genes circulating on plasmids is proposed to have 

259 originated in Kluyvera, a member of the Enterobacteriaceae that infrequently causes infections 

260 (Sarria et al. 2001). In Kluyvera, chromosomally-encoded CTX-M genes and flanking sequences 

261 are highly similar (>95%) to plasmid-encoded CTX-M genes (Humeniuk et al. 2002; Olson et al. 

262 2005; Zhao and Hu 2013). Transfer of a blaCTX-M-10 gene from a Kluyvera chromosome to an 

263 ARG-plasmid circulating in a hospital is thought to have been mediated by the flanking 

264 bacteriophage elements (Oliver et al. 2005). The horizontal transfer of ESBL genes from a minor 

265 pathogen like Kluyvera has resulted in widespread dissemination of CTX-M alleles among 

266 clinically-relevant E. coli and Klebsiella (Oliver et al. 2005; Zhao and Hu 2013). Other cases of 

267 AR mobilization by transduction likely exist but have yet to be detected.

268 Recent studies found that over 70% of hospital fecal samples tested positive for 

269 bacteriophages containing ARGs (Quirós et al. 2014), and hospital wastewaters were 

270 contaminated with bacteriophages containing ARGs (Subirats et al. 2016; Marti et al. 2013). 

271 Antibiotics may drive transduction of ARGs because antibiotic treated mice were found to have 

272 more bacteriophages carrying ARGs in their intestines compared to non-antibiotic treated mice 
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273 (Modi et al. 2013). Some bacteriophages can transport DNA fragments greater than 100 

274 kilobases (Ochman et al. 2000), which is sufficient to transfer plasmids. Bacteriophages were 

275 able to transduce a 5,667 bp plasmid containing tetracycline and aminoglycoside resistance 

276 between S. aureus strains in the laboratory (Groisman and Ochman 1993; Zeman et al. 2017). 

277 Bacteriophages were also able to transduce a 5,620 bp plasmid containing a kanamycin 

278 resistance gene between Serratia and Kluyvera species, albeit at a lower rate than transduction of 

279 chromosomal resistance genes (Matilla and Salmond 2014). Chloramphenicol and tetracycline 

280 resistance genes on 27 kbp plasmids were also transduced by bacteriophage between 

281 Actinobacillus (Willi et al. 1997). Transduction of plasmid-borne ARGs can be so efficient in S. 

282 aureus that it can surpass the transduction frequency of a chromosomal methicillin resistance 

283 gene (Chlebowicz et al. 2014). Thus, both chromosomal and plasmid-borne ARGs can transfer 

284 by transduction, and antibiotics likely increase the rates of transfer.  

285

286 Natural competence and transformation in clinical settings

287 Natural transformation occurs when naturally competent bacteria take up extracellular 

288 DNA and an imported gene(s) is recombined into the host genome (reviewed in Johnston et al. 

289 2014). Several clinically-relevant AR pathogens are capable of DNA uptake and natural 

290 transformation, including Acinetobacter, Haemophilus, Neisseria, Pseudomonas, Staphylococcus 

291 and Streptococcus (Johnston et al. 2014; Traglia et al. 2014). Escherichia and Klebsiella are 

292 leading causes of community-acquired and hospital-acquired AR infections; although neither 

293 genus has demonstrated natural transformation in the laboratory, both are predicted to be 

294 naturally competent in nature (Cameron and Redfield 2006; Palchevskiy and Finkel 2006). This 

295 prediction also applies to all other Enterobacteriaceae (Cameron and Redfield 2006), raising the 

296 possibility that natural transformation contributes to the spread of ARGs in many priority 

297 pathogens (Table 1). 

298 The molecular mechanisms of natural competence and transformation have been studied 

299 and exploited in laboratory conditions for many decades, but the frequency of natural 

300 transformation events in nature is poorly understood. Frederick Griffith famously discovered that 

301 non-virulent Streptococcus pneumoniae strains can be transformed into virulent pathogens inside 

302 infected mice (Griffith 1928). Similarly, Helicobacter pylori has been observed to acquire genes 
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303 by natural competence and transformation in a colonized human and in mouse infection models  

304 (Dorer et al. 2013; Kennemann et al. 2011; Kersulyte et al. 1999), and resistance to the antibiotic 

305 metronidazole has been positively correlated with capacity for natural transformation in clinical 

306 isolates (Yeh et al. 2002). Despite evidence of natural transformation events during infection, 

307 currently there is no direct evidence that natural transformation contributes to ARG transmission 

308 between bacteria in clinical environments. However, this lack of evidence may be due to the 

309 difficulty of detecting uptake and recombination of exogenous DNA. Nordgård and colleagues 

310 attempted to identify the rate of ARG transformation in human gut microbiota but did not detect 

311 any transformants (Nordgård et al. 2012).

312 Antibiotics themselves can increase transformation rates in certain bacteria in laboratory 

313 conditions (reviewed in Charpentier et al. 2012), suggesting that the very presence of antibiotics 

314 may facilitate HGT and the dissemination of resistance genes. For example, when adding 

315 quinolones to Streptococcus cultures, competence genes were highly expressed and 

316 transformation rates were elevated (Prudhomme et al. 2006). Many bacterial species engage in 

317 natural competence when living in biofilms, and quorum sensing in biofilms can even stimulate 

318 competence in neighbouring species (Nadell et al. 2009; Seitz and Blokesch 2013). Biofilms 

319 present one of the greatest challenges for decontamination efforts in clinical settings, as 

320 demonstrated in Hota et al. (2009), thus the combination of biofilm persistence and the potential 

321 for exposure to high concentrations of antimicrobials may synergize to enhance natural 

322 competence and transformation.

323

324 Horizontal transfer of accessory resistance cassettes compared to core housekeeping genes

325 Antibiotic resistance is achieved primarily through three alternate cellular pathways: 

326 enzymatic destruction or modification of an antibiotic, increased efflux or reduced influx, or 

327 modification of the drug target to prevent interference of essential cellular functions. These AR 

328 mechanisms can be encoded by accessory genes that are not required in normal cellular 

329 metabolism and physiology. In other words, many ARGs function as gene cassettes, which likely 

330 evolved to facilitate “plug-and-play” functionality after acquisition by an antibiotic sensitive 

331 organism. AR can also be achieved through modification of core genes; for example, mutations 
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332 in ribosomal genes can reduce antibiotic interference with essential translation functions, and 

333 modifications to the expression of pores in a cell envelope can reduce antibiotic entry into a cell.     

334 The three primary mechanisms of HGT each have distinct features that favour the 

335 transfer of certain genetic loci. Conjugation is dedicated to the transfer of plasmids, thus plays a 

336 fundamental role in the dissemination of plasmid-borne ARGs. As discussed above, plasmids can 

337 also transfer through transduction, and natural competence can take up extracellular plasmids. 

338 Nevertheless, plasmid transfer by either of these mechanisms is likely to be rare compared to 

339 conjugation. Many clinically-relevant forms of resistance are carried on plasmids, owing to the 

340 shared benefits for both an ARG and its host plasmid: the ARG gains mobility through a 

341 bacterial community while the plasmid gains persistence by providing a selective benefit to host 

342 cells. 

343 After a plasmid arrives in a new host cell, plasmid-borne transposable elements can 

344 further mobilize ARGs by copying them to a different plasmid or to the chromosome (Bennett 

345 2008; Conlan et al. 2014; Ludden et al. 2017; Mulvey et al. 2016; Skipper et al. 2013; 

346 Valenzuela et al. 2007). Thus, transposons create another transmission dynamic in which an 

347 ARG in a transposon can transfer to different plasmids and so increase the potential of the ARG 

348 to transmit to additional bacterial recipients through conjugation. Some transposons can direct 

349 conjugation in the absence of plasmids, but this activity is not discussed here. Infectious disease 

350 surveillance efforts must recognise plasmids as the possible unit of transmission as opposed to 

351 classic clonal outbreaks of AR species (Conlan et al. 2014; Linares et al. 2006; Mathers et al. 

352 2011; Tofteland et al. 2013). 

353 Resistance to some clinical antibiotics arises through mutation of a gene(s) that encodes a 

354 drug target, creating a resistance allele of an otherwise sensitive core gene. This type of mutation 

355 often removes a drug interaction without destroying the function of an essential gene. For 

356 example, single nucleotide point mutations in gyrA, which encodes essential DNA gyrase, confer 

357 resistance to fluoroquinolones and nalidixic acid (Hooper 2001). Because transduction and 

358 natural transformation can transfer any chromosomal or plasmid genes, resistance alleles of core 

359 chromosomal genes are predicted to transfer primarily through transduction or natural 

360 transformation. Horizontal transfer of alleles will occur most frequently between closely related 

361 individuals because allelic exchange relies on homologous recombination to convert the 
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362 genotype of a recipient cell. Indeed, both transduction and natural transformation have broad 

363 applications in molecular microbiology because of their efficiency at transferring ARGs. From 

364 the perspective of infectious disease testing and control, the horizontal transfer of an antibiotic 

365 resistant allele can be difficult to detect because all members of a species encode an allele 

366 (mutant or wildtype) of the resistance gene.

367 Fluoroquinolone resistance presents an example of how multiple forms of HGT could 

368 synergize to produce antibiotic resistance. Fluoroquinolones such as ciprofloxacin and 

369 norfloxacin are clinically important antibiotics, but their success results in environmental 

370 pollution as these antibiotics can be detected in wastewater downstream of hospitals (Ory et al. 

371 2016; Szczepanowski et al. 2008). Resistance to fluoroquinolones is on the rise, particularly in S. 

372 aureus, Pseudomonas, Acinetobacter, Clostridium, and Enterobacteriaceae (Dalhoff 2012). 

373 Fluoroquinolones target DNA topoisomerases, and resistance requires amino acid changes to 

374 reduce antibiotic affinity for the topoisomerase called DNA gyrase. In most bacteria, including 

375 Enterobacteriaceae, clinical resistance to fluoroquinolones can only be achieved through the 

376 additive contributions of multiple genetic loci (Corkill et al. 2005; Hooper 2001; Kary et al. 

377 2017; Sekyere and Amoako 2017). Fluoroquinolones have a demonstrated ability to induce 

378 natural competence in Streptococcus (Prudhomme et al. 2006), thus antibiotic exposure increases 

379 the potential for HGT and consolidation of chromosomal resistance alleles. Plasmid-borne 

380 resistance arises from the quinolone-resistance genes, qnr (Jacoby et al. 2008). In Acinetobacter, 

381 Klebsiella, and Escherichia, qnr genes usually associate with -lactam resistance on multi-drug 

382 resistant plasmids (Conlan et al. 2014; Lewis et al. 2010; Ludden et al. 2017; Paterson and 

383 Bonomo 2005; Sana et al. 2014). As expected for plasmid-borne resistance genes, there have 

384 been several reports of quinolone resistance transferring horizontally by conjugation (Corkill et 

385 al. 2005; Sana et al. 2014; Sekyere and Amoako 2017). In summary, the primary resistance 

386 alleles in gyrase as well as supporting resistance alleles in other topoisomerase genes are most 

387 likely to transfer by transduction or natural competence, and these mutations in the core genome 

388 can be enhanced by acquisition of plasmid-encoded accessory genes.

389

390 Detecting and anticipating HGT 
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391 Bacterial population density and cell proximity differentially impact the various 

392 mechanisms of HGT. Bacteria that occupy the same environment, such as human intestines or 

393 sink surfaces, are more likely to share DNA via direct cell-to-cell transfer processes such as 

394 conjugation (Andersson and Hughes 2017). Conversely, transducing bacteriophage particles 

395 provide protection for DNA and support its persistence, thus can transfer genes between bacteria 

396 separated by space and time. Yet even with their ability to persist, transducing particles derived 

397 from bacteriophages with narrow host ranges will have an increased likelihood of loss from a 

398 gene pool due to the low probability of encountering a suitable host.

399 For natural transformation to occur, cells do not need to make physical contact with one 

400 another, nor do donor and recipient need to be simultaneously present. The timescale for natural 

401 transformation is shorter than transduction because environmental DNA will degrade faster than 

402 DNA protected in a bacteriophage particle. Because natural competence for DNA binding and 

403 uptake is an active process governed by a competent cell, natural transformation requires bacteria 

404 to express genes for DNA binding and uptake, DNA must be sufficiently intact and in the 

405 vicinity of a competent bacterium, and the DNA must recombine with the genome rather than be 

406 degraded (Johnston et al. 2014; Mell and Redfield 2014; Palchevskiy and Finkel 2006). 

407 Bona fide transduction and natural transformation events in hospitals may have gone 

408 undetected so far because rates are very low and/or because it is challenging to identify 

409 recombination events, particularly when core chromosomal genes are transferred. In other words, 

410 transduction and natural transformation outside controlled laboratory conditions are hard to 

411 measure because transferred DNA fragments are disguised among chromosomal regions that are 

412 conserved in all members of a species. Also challenging is that HGT results in a web of gene 

413 transmission events that can obscure phylogenetic relatedness between bacterial strains, which in 

414 turn can complicate tracking and surveillance efforts (Conlan et al. 2014; Martin et al. 2017; 

415 Mathers et al. 2011). Conversely, HGT can provide genetic features that can be easily tracked 

416 and identified in clinical outbreaks, such as plasmids. Plasmid conjugation transfers novel genes, 

417 thus is relatively easy to track by DNA sequencing and PCR (Boyd et al. 2015; Gorrie et al. 

418 2018; Simner et al. 2018; Snitkin et al. 2012). Even classic restriction fragment length 

419 polymorphism analysis can resolve the presence and absence of plasmids, as in the case of the 

420 loss of the Salmonella virulence plasmid in a human infection (Alexander et al. 2015). 

421 Experiments using specific genetic markers as bait DNA might help identify cases of DNA 
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422 mobility by transduction and transformation in clinical environments. Altogether, the ubiquity of 

423 HGT and the diversity of resistance genes highlight the importance of long-term systematic 

424 studies using metagenomics and other tools to track the mobility of ARGs (Andersson and 

425 Hughes 2017).

426

427 Conclusion

428 Horizontal transfer in clinical settings occurs primarily through conjugation, yet 

429 laboratory studies also implicate natural transformation and transduction as contributors to the 

430 spread of resistance genes. Conditions for natural transformation and transduction do exist in 

431 clinical environments, but currently we have limited abilities to detect these gene transfer 

432 mechanisms outside of controlled laboratory experiments. The multiple examples of antibiotic-

433 induced gene transfer underscore the need to understand how clinical treatments and activities 

434 could exacerbate HGT of ARGs. More studies are needed to quantify the rates and direction of 

435 HGT in clinical environments. 

436

437 Acknowledgements

438 The authors wish to thank Carsten Kröger, Harold Weger, Tzu-Chiao Chao, Supriya 

439 Bhat, Skip Olshefsky, Danae Suchan, Kirsten Palmier, and two anonymous reviewers for their 

440 insightful comments that helped improve the quality of this manuscript. NAL is supported by the 

441 Natural Sciences and Engineering Research Council (NSERC) Canada Graduate Scholarships-

442 Master's Program. Antibiotic resistance and horizontal gene transfer research in the Cameron lab 

443 is supported by the Natural Sciences and Engineering Research Council of Canada (NSERC), the 

444 Saskatchewan Health Research Foundation (SHRF), the Canadian Foundation for Innovation 

445 (CFI), and Canadian Queen Elizabeth II Diamond Jubilee Scholarships (QES-AS) from the 

446 International Development Research Centre (IDRC) and the Social Sciences and Humanities 

447 Research Council of Canada (SSHRC). 

448
449 References 
450

Page 16 of 25

https://mc06.manuscriptcentral.com/cjm-pubs

Canadian Journal of Microbiology



Draft

451 Alexander, D.C., Fitzgerald, S.F., DePaulo, R., Kitzul, R., Daku, D., Levett, P.N., and Cameron, 
452 A.D.S. 2015. Laboratory-acquired infection with Salmonella enterica serovar Typhimurium 
453 exposed by whole genome sequencing. J. Clin. Microbiol. 54, 190-193

454 Al-Masaudi, S.B., Day, M.J., and Russell, A.D. 1991. Effect of some antibiotics and biocides on 
455 plasmid transfer in Staphylococcus aureus. J. Appl. Bacteriol. 71, 239–243.

456 Andersson, D.I., and Hughes, D. 2017. Selection and transmission of antibiotic-resistant bacteria. 
457 Microbiol. Spectr. 5, 1–17.

458 Baker, K.S., Dallman, T.J., Field, N., Childs, T., Mitchell, H., Day, M., Weill, F.-X., Lefèvre, S., 
459 Tourdjman, M., Hughes, G., et al. 2018. Horizontal antimicrobial resistance transfer drives 
460 epidemics of multiple Shigella species. Nat. Commun. 9, 1462.

461 Balm, M., Ngan, G., Jureen, R., Lin, R., and Teo, J. 2013. OXA-181-producing Klebsiella 
462 pneumoniae establishing in Singapore. BMC Infect. Dis. 13, 1–5.

463 Beaber, J.W., Hochhut, B., and Waldor, M.K. 2004. SOS response promotes horizontal 
464 dissemination of antibiotic resistance genes. Nature 427, 72–74.

465 Bennett, P.M. 2008. Plasmid encoded antibiotic resistance: acquisition and transfer of antibiotic 
466 resistance genes in bacteria. Br. J. Pharmacol. 153, S347–S357.

467 Blahová, J., Králiková, K., Krčméry, V., and Ježek, P. 2013. Low-frequency transduction of 
468 imipenem resistance and high-frequency transduction of ceftazidime and aztreonam resistance by 
469 the bacteriophage AP-151 isolated from a Pseudomonas aeruginosa strain. J. Chemother. 12, 
470 482–486.

471 Blair, J.M.A., Webber, M.A., Baylay, A.J., Ogbolu, D.O., and Piddock, L.J.V. 2014. Molecular 
472 mechanisms of antibiotic resistance. Nat. Rev. Microbiol. 13, 42–51.

473 Boyd, D., Taylor, G., Fuller, J., Bryce, E., Embree, J., Gravel, D., Katz, K., Kibsey, P., Kuhn, 
474 M., Langley, J., et al. 2015. Complete sequence of four multi-drug resistance MOBQ1 plasmids 
475 harboring blaGES-5 isolated from Escherichia coli and Serratia marcescens persisting in a 
476 hospital in Canada. Microb. Drug Resist. 21, 253–260.

477 Breathnach, A.S., Cubbon, M.D., Karunaharan, R.N., Pope, C.F., and Planche, T.D. 2012. 
478 Multidrug-resistant Pseudomonas aeruginosa outbreaks in two hospitals: association with 
479 contaminated hospital waste-water systems. J. Hosp. Infect. 82, 19–24.

480 Brown-Jaque, M., Calero-Caceres, W., and Muniesa, M. 2015. Transfer of antibiotic-resistance 
481 genes via phage-related mobile elements. Plasmid. 79, 1-7.

482 Cameron, A.D.S., and Redfield, R.J. 2006. Non-canonical CRP sites control competence 
483 regulons in Escherichia coli and many other γ-proteobacteria. Nucleic Acids Res. 34, 6001–
484 6014.

Page 17 of 25

https://mc06.manuscriptcentral.com/cjm-pubs

Canadian Journal of Microbiology



Draft

485 Charpentier, X., Polard, P., and Claverys, J.-P. 2012. Induction of competence for genetic 
486 transformation by antibiotics: convergent evolution of stress responses in distant bacterial 
487 species lacking SOS? Curr. Opin. Microbiol. 15, 570–576.

488 Chlebowicz, M.A., Mašlaňová, I., Kuntová, L., Grundmann, H., Pantůček, R., Doškař, J., van 
489 Dijl, J.M., and Buist, G. 2014. The Staphylococcal cassette chromosome mec type V from 
490 Staphylococcus aureus ST398 is packaged into bacteriophage capsids. Int. J. Med. Microbiol. 
491 304, 764–774.

492 Conlan, S., Thomas, P.J., Deming, C., Park, M., Lau, A.F., Dekker, J.P., Snitkin, E.S., Clark, 
493 T.A., Luong, K., Song, Y., et al. 2014. Single-molecule sequencing to track plasmid diversity of 
494 hospital-associated carbapenemase-producing Enterobacteriaceae. Sci. Transl. Med. 6, 254ra126.

495 Corkill, J.E., Anson, J.J., and Hart, C.A. 2005. High prevalence of the plasmid-mediated 
496 quinolone resistance determinant qnrA in multidrug-resistant Enterobacteriaceae from blood 
497 cultures in Liverpool, UK. J. Antimicrob. Chemother. 56, 1115–1117.

498 Cottell, J.L., Webber, M.A., Coldham, N.G., Taylor, D.L., Cerdeño-Tàrraga, A.M., Hauser, H., 
499 Thomson, N.R., Woodward, M.J., and Piddock, L. 2011. Complete sequence and molecular 
500 epidemiology of IncK epidemic plasmid encoding blaCTX-M-14. Emerg. Infect. Dis. 17, 645–652.

501 Dalhoff, A. 2012. Global fluoroquinolone resistance epidemiology and implications for clinical 
502 use. Interdiscip. Perspect. Infect. Dis. 2012, 976273.

503 Davies, J., and Davies, D. 2010. Origins and evolution of antibiotic resistance. Microbiol. Mol. 
504 Biol. Rev. 74, 417–433.

505 Dorer, M.S., Cohen, I.E., Sessler, T.H., Fero, J., and Salama, N.R. 2013. Natural competence 
506 promotes Helicobacter pylori chronic infection. Infect. Immun. 81, 209–215.

507 Dzidic, S., and Bedekovic, V. 2003. Horizontal gene transfer-emerging multidrug resistance in 
508 hospital bacteria. Acta Pharmologica Sin. 24, 519–526.

509 Egbule, O.S. 2016. Detection and transfer of extended spectrum beta lactamase enzymes from 
510 untreated hospital waste water. Adv. Microbiol. 6, 512–520.

511 Gardete, S., and Tomasz, A. 2014. Mechanisms of vancomycin resistance in Staphylococcus 
512 aureus. J. Clin. Invest. 124, 2836–2840.

513 Gillings, M.R. 2017. Lateral gene transfer, bacterial genome evolution, and the Anthropocene. 
514 Ann. N. Y. Acad. Sci. 1389, 20–36.

515 Goh, E.-B., Yim, G., Tsui, W., McClure, J., Surette, M.G., and Davies, J. 2002. Transcriptional 
516 modulation of bacterial gene expression by subinhibitory concentrations of antibiotics. Proc Natl 
517 Acad Sci USA 99, 17025–17030.

518 Gordon, A.K., Mathers, A.J., Cheong, E., Gottlieb, T., Kotay, S., Walker, A.S., Peto, T., Crook, 
519 D.W., and Stoesser, N. 2017. The hospital water environment as a reservoir for carbapenem-

Page 18 of 25

https://mc06.manuscriptcentral.com/cjm-pubs

Canadian Journal of Microbiology



Draft

520 resistant organisms causing hospital-acquired infections - a systemic review of the literature. 
521 Clin. Infect. Dis. 64, 1435–1444.

522 Gorrie, C.L., Mirceta, M., Wick, R.R., Judd, L.M., Wyres, K.L., Thomas, N.R., Strugnell, R.A., 
523 Pratt, N.F., Garlick, J.S., Watson, K.M., et al. 2018. Antimicrobial-resistant Klebsiella 
524 pneumoniae carriage and infection in specialized geriatric care wards linked to acquisition in the 
525 referring hospital. Clin. Infect. Dis. ciy027, 1–10.

526 Griffith, F. 1928. The significance of pneumococcal types. J. Hyg. Lond. 27, 113–159.

527 Groisman, E.A., and Ochman, H. 1993. Cognate gene clusters govern invasion of host epithelial 
528 cells by Salmonella typhimurium and Shigella flexneri. EMBO J. 12, 3779–3787.

529 Grundmann, H., Aires-de-Sousa, M., Boyce, J., and Tiemersma, E. 2006. Emergence and 
530 resurgence of meticillin-resistant Staphylococcus aureus as a public-health threat. The Lancet 
531 368, 874–885.

532 Haverkate, M.R., Dautzenberg, M., Ossewaarde, T., van der Zee, A., den Hollander, J.G., 
533 Troelstra, A., Bonten, M., and Bootsma, M. 2015. Within-host and population transmission of 
534 blaOXA-48 in K. pneumoniae and E. coli. PLOS ONE 10, e0140960.

535 Hens, D.K., Chatterjee, N.C., and Kumar, R. 2006. New temperate DNA phage BcP15 acts as a 
536 drug resistance vector. Arch. Virol. 151, 1345–1353.

537 Hiller, N.L., Ahmed, A., Powell, E., Martin, D.P., Eutsey, R., Earl, J., Janto, B., Boissy, R.J., 
538 Hogg, J., Barbadora, K., et al. 2010. Generation of genic diversity among Streptococcus 
539 pneumoniae via horizontal gene transfer during a chronic polyclonal pediatric infection. PLOS 
540 Pathog. 6, e1001108.

541 Hooper, D.C. 2001. Emerging mechanisms of fluoroquinolone resistance. Emerg. Infect. Dis. 7, 
542 337–341.

543 Hota, S., Hirji, A., Stockton, K., Lemieux, C., Dedier, H., Wolfaardt, D., and Gardam, M.A. 
544 2009. Outbreak of multidrug-resistant Pseudomonas aeruginosa colonization and infection 
545 secondary to imperfect intensive care unit room design. Infect. Control Hosp. Epidemiol. 30, 25–
546 33.

547 Huang, T.-W., Lauderdale, T.-L., Liao, T.-L., Hsu, M.-C., Chang, F.-Y., Chang, S.-C., Khong, 
548 W.X., Ng, O.T., Chen, Y.-T., Kuo, S.-C., et al. 2015. Effective transfer of a 47 kB NDM-1-
549 positive plasmid among Acinetobacter species. J. Antimicrob. Chemother. 70, 2734–2738.

550 Huddleston, J.R. 2014. Horizontal gene transfer in the human gastrointestinal tract: potential 
551 spread of antibiotic resistance genes. Infect. Drug Resist. 7, 167–176.

552 Humeniuk, C., Arlet, G., Gautier, V., Grimont, P., Labia, R., and Philippon, A. 2002. β-
553 lactamases of Kluyvera ascorbata, probable progenitors of some plasmid-encoded CTX-M types. 
554 Antimicrob. Agents Chemother. 46, 3045–3049.

Page 19 of 25

https://mc06.manuscriptcentral.com/cjm-pubs

Canadian Journal of Microbiology



Draft

555 Jacoby, G., Cattoir, V., Hooper, D., Martínez-Martínez, L., Nordmann, P., Pascual, A., Poirel, L., 
556 and Wang, M. 2008. qnr gene nomenclature. Antimicrob. Agents Chemother. 52, 2297–2299.

557 Johnston, C., Martin, B., Fichant, G., Polard, P., and Claverys, J.-P. 2014. Bacterial 
558 transformation: distribution, shared mechanisms and divergent control. Nat. Rev. Microbiol. 12, 
559 181–196.

560 Juhas, M. 2015. Horizontal gene transfer in human pathogens. Crit. Rev. Microbiol. 41, 101–
561 108.

562 Kac, G., Podglajen, I., Vaupré, S., Colardelle, N., Buu-Hoï, A., and Gutmann, L. 2004. 
563 Molecular epidemiology of extended-spectrum beta-lactamase-producing Enterobacteriaceae 
564 isolated from environmental and clinical specimens in a cardiac intensive care unit. Infect. 
565 Control Hosp. Epidemiol. 25, 852–855.

566 Kary, S.C., Yoneda, J., Olshefsky, S.C., Stewart, L.A., West, S.B., and Cameron, A.D.S. 2017. 
567 The global regulatory cyclic AMP receptor protein (CRP) controls multifactorial fluoroquinolone 
568 susceptibility in Salmonella enterica serovar Typhimurium. Antimicrob. Agents Chemother. 61, 
569 e01666-17.

570 Kennemann, L., Didelot, X., Aebischer, T., Kuhn, S., Drescher, B., Droege, M., Reinhardt, R., 
571 Correa, P., Meyer, T.F., Josenhans, C., et al. 2011. Helicobacter pylori genome evolution during 
572 human infection. Proc Natl Acad Sci USA 108, 5033–5038.

573 Kersulyte, D., Chalkauskas, H., and Berg, D.E. 1999. Emergence of recombinant strains of 
574 Helicobacter pylori during human infection. Mol. Microbiol. 31, 31–43.

575 Klümper, U., Riber, L., Dechesne, A., Sannazzarro, A., Hansen, L.H., Sørensen, S.J., and Smets, 
576 B.F. 2015. Broad host range plasmids can invade an unexpectedly diverse fraction of a soil 
577 bacterial community. ISME J. 9, 934–945.

578 Korzeniewska, E., and Harnisz, M. 2013. Extended-spectrum beta-lactamase (ESBL)-positive 
579 Enterobacteriaceae in municipal sewage and their emission to the environment. J. Environ. 
580 Manage. 128, 904–911.

581 Krahn, T., Wibberg, D., Maus, I., Winkler, A., Bontron, S., Sczyrba, A., Nordmann, P., Pühler, 
582 A., Poirel, L., and Schlüter, A. 2016. Intraspecies transfer of the chromosomal Acinetobacter 
583 baumannii blaNDM-1 carbapenemase gene. Antimicrob. Agents Chemother. 60, 3032–3040.

584 Lewis, T., Loman, N.J., Bingle, L., Jumaa, P., Weinstock, G.M., Mortiboy, D., and Pallen, M.J. 
585 2010. High-throughput whole-genome sequencing to dissect the epidemiology of Acinetobacter 
586 baumannii isolates from a hospital outbreak. J. Hosp. Infect. 75, 37–41.

587 Linares, J.K., Gustafsson, I., Baquero, F., and Martinez, J.L. 2006. Antibiotics as intermicrobial 
588 signaling agents instead of weapons. Proc Natl Acad Sci USA 103, 19484–19489.

Page 20 of 25

https://mc06.manuscriptcentral.com/cjm-pubs

Canadian Journal of Microbiology



Draft

589 Lopatkin, A.J., Huang, S., Smith, R.P., Srimani, J.K., Sysoeva, T.A., Bewick, S., Karig, D.K., 
590 and You, L. 2016. Antibiotics as a selective driver for conjugation dynamics. Nat. Microbiol. 1, 
591 16044.

592 Lowe, C., Willey, B., O’Shaughnessy, A., Lee, W., Lum, M., Pike, K., Larocque, C., Dedier, H., 
593 Dales, L., Moore, C., et al. 2012. Outbreak of extended-spectrum β-lactamase-producing 
594 Klebseilla oxytoca infections associated with contaminated handwashing sinks. Emerg. Infect. 
595 Dis. 18, 1242–1247.

596 Ludden, C., Reuter, S., Judge, K., Gouliouris, T., Blane, B., Coll, F., Naydenova, P., Hunt, M., 
597 Tracey, A., Hopkins, K.L., et al. 2017. Sharing of carbapenemase-encoding plasmids between 
598 Enterobacteriaceae in UK sewage uncovered by MinION sequencing. Microb. Genomics 3, 1–
599 12.

600 Marti, E., Variatza, E., and Balcázar, J.L. 2013. Bacteriophages as a reservoir of extended-
601 spectrum β-lactamase and fluoroquinolone resistance genes in the environment. Clin. Microbiol. 
602 Infect. O456–O459.

603 Martin, J., Phan, H., Findlay, J., Stoesser, N., Pankhurst, L., Navickaite, I., de Maio, N., Eyre, 
604 D.W., Toogood, G., Osri, N.M., et al. 2017. Covert dissemination of carbapenemase-producing 
605 Klebsiella pneumoniae (KPC) in a successfully controlled outbreak: long- and short-read whole-
606 genome sequencing demonstrate multiple genetic modes of transmission. J. Antimicrob. 
607 Chemother. 72, 3025–3034.

608 Mašlaňová, I., Stříbná, S., Doškař, J., and Pantůček, R. 2016. Efficient plasmid transduction to 
609 Staphylococcus aureus strains insensitive to the lytic action of transducing phage. FEMS 
610 Microbiol. Lett. 363, 1–7.

611 Mathers, A.J., Cox, H.L., Kitchel, B., Bonatti, H., Brassinga, A., Carroll, J., Scheld, W.M., and 
612 Sifri, C.D. 2011. Molecular dissection of an outbreak of carbapenem-resistant Enterobacteriaceae 
613 reveals intergenus KPC carbapenemase transmission through a promiscuous plasmid. MBio 2, 
614 e00204-11.

615 Matilla, M.A., and Salmond, G. 2014. Bacteriophage φMAM1, a Viunalikevirus, is a broad-host 
616 range, high-efficiency generalized transducer that infects environmental and clinical isolates of 
617 the Enterobacterial genera Serratia and Kluyvera. Appl. Environ. Microbiol. 80, 6446–6457.

618 Mell, J.C., and Redfield, R.J. 2014. Natural competence and the evolution of DNA uptake 
619 specificity. J. Bacteriol. 196, 1471–1483.

620 Modi, S.R., Lee, H.H., Spina, C.S., and Collins, J.J. 2013. Antibiotic treatment expands the 
621 resistance reservoir and ecological network of the phage metagenome. Nature 499, 219–222.

622 Mulvey, M., Haraoui, L.-P., and Longtin, Y. 2016. Multiple variants of Klebsiella pneumoniae 
623 producing carbapenemase in one patient. 375, 2408–2410.

624 Nadell, C.D., Xavier, J.B., and Foster, K.R. 2009. The sociobiology of biofilms. FEMS 
625 Microbiol. Rev. 33, 206–224.

Page 21 of 25

https://mc06.manuscriptcentral.com/cjm-pubs

Canadian Journal of Microbiology



Draft

626 Nordgård, L., Brusetti, L., Raddadi, N., Traavik, T., Averhoff, B., and Nielsen, K.M. 2012. An 
627 investigation of horizontal transfer of feed introduced DNA to the aerobic microbiota of the 
628 gastrointestinal tract of rats. BMC Res. Notes 5, 170.

629 Ochman, H., Lawrence, J.G., and Groisman, E.A. 2000. Lateral gene transfer and the nature of 
630 bacterial innovation. Nature 405, 299–304.

631 Oliver, A., Coque, T., Alonso, D., Valverde, A., Baquero, F., and Cantón, R. 2005. CTX-M-10 
632 linked to a phage-related element is widely disseminated among Enterobacteriaceae in a Spanish 
633 hospital. Antimicrob. Agents Chemother. 49, 1567–1571.

634 Olson, A.B., Silverman, M., Boyd, D.A., McGeer, A., Willey, B.M., Pong-Porter, V., Daneman, 
635 N., and Mulvey, M.R. 2005. Identification of a progenitor of the CTX-M-9 group of extended-
636 spectrum β-Lactamases from Kluyvera georgiana isolated in Guyana. Antimicrob. Agents 
637 Chemother. 49, 2112–2115.

638 O’Neill, J. 2014. Antimicrobial resistance: Tackling a crisis for the health and wealth of nations 
639 (The Review on Antimicrobial Resistance, London, United Kingdom).

640 Ory, J., Bricheux, G., Togola, A., Bonnet, J.L., Donnadieu-Bernard, F., Nakusi, L., Forestier, C., 
641 and Traore, O. 2016. Ciprofloxacin residue and antibiotic-resistant biofilm bacteria in hospital 
642 effluent. Environ. Pollut. 214, 635–645.

643 Palchevskiy, V., and Finkel, S.E. 2006. Competence gene homologs are essential for competitive 
644 fitness and the use of DNA as a nutrient. J. Bacteriol. 188, 3902–3910.

645 Paterson, D.L., and Bonomo, R.A. 2005. Extended-spectrum β-Lactamases: a clinical update. 
646 Clin. Microbiol. Rev. 18, 657–686.

647 Phan, H., Stoesser, N., Maciuca, I.E., Toma, F., Szekely, E., Flonta, M., Hubbard, A., Pankhurst, 
648 L., Do, T., Peto, T., et al. 2018. Illumina short-read and MinION long-read WGS to characterize 
649 the molecular epidemiology of an NDM-1 Serratia marcescens outbreak in Romania. J. 
650 Antimicrob. Chemother. 73, 672–679.

651 Pitart, C., Solé, M., Roca, I., Fàbrega, A., Vila, J., and Marco, F. 2011. First outbreak of a 
652 plasmid-mediated carbapenem-hydrolyzing OXA-48 β-lactamase in Klebsiella pneumoniae in 
653 Spain. Antimicrob. Agents Chemother. 55, 4398–4401.

654 Prudhomme, M., Attaiech, L., Sanchez, G., Martin, B., and Claverys, J.-P. 2006. Antibiotic 
655 stress induces genetic transformability in the human pathogen Streptococcus pneumoniae. 
656 Science 313, 89–92.

657 Quirós, P., Colomer-Lluch, M., Martínexz-Castillo, A., Miró, E., Argente, M., Jofre, J., and 
658 Navarro, F. 2014. Antibiotic resistance genes in bacteriophage DNA fraction of human fecal 
659 samples. Antimicrob. Agents Chemother. 58, 606–609.

660 Sana, F., Mabrouka, S., Claudine, Q., Faouzi, S.A., Ilhem, B.B.B., and Véronique, D. 2014. 
661 Prevalence and characterization of uropathogenic Escherichia coli harboring plasmid-mediated 

Page 22 of 25

https://mc06.manuscriptcentral.com/cjm-pubs

Canadian Journal of Microbiology



Draft

662 quinolone resistance in a Tunisian university hospital. Diagn. Microbiol. Infect. Dis. 79, 247–
663 251.

664 Sarria, J.C., Vidal, A.M., and Kimbrough III, R.C. 2001. Infections caused by Kluyvera species 
665 in humans. Clin. Infect. Dis. 33, e69–e74.

666 Seitz, P., and Blokesch, M. 2013. Cues and regulatory pathways involved in natural competence 
667 and transformation in pathogenic and environmental Gram-negative bacteria. FEMS Microbiol. 
668 Rev. 37, 336–363.

669 Sekyere, J.O., and Amoako, D.G. 2017. Genomic and phenotypic characterisation of 
670 fluoroquinolone resistance mechanisms in Enterobacteriaceae in Durban, South Africa. PLOS 
671 ONE 12, e0178888.

672 Simner, P.J., Antar, A., Hao, S., Gurtowski, J., Tamma, P.D., Rock, C., Opene, B.N., Tekle, T., 
673 Carroll, K.C., Schatz, M.C., et al. 2018. Antibiotic pressure on the acquisition and loss of 
674 antibiotic resistance genes in Klebsiella pneumoniae. J. Antimicrob. Chemother. dky121, 1–8.

675 Skipper, K.A., Andersen, P.R., Sharma, N., and Mikkelsen, J.G. 2013. DNA transposon-based 
676 gene vehicles - scenes from an evolutionary drive. J. Biomed. Sci. 20, 1–23.

677 Snitkin, E.S., Zelazny, A.M., Thomas, P.J., Stock, F., Program, N.C.S., Henderson, D.K., 
678 Palmore, T.N., and Segre, J.A. 2012. Tracking a hospital outbreak of carbapenem-resistant 
679 Klebsiella pneumoniae with whole-genome sequencing. Sci. Transl. Med. 4, 148ra116.

680 Sommer, M.O., and Dantas, G. 2011. Antibiotics and the resistant microbiome. Curr. Opin. 
681 Microbiol. 14, 556–563.

682 Sørensen, S.J., Bailey, M., Hansen, L.H., Kroer, N., and Wuertz, S. 2005. Studying plasmid 
683 horizontal transfer in situ: a critical review. Nat. Rev. Microbiol. 3, 700–710.

684 Stanczak-Mrozek, K.I., Manne, A., Knight, G.M., Gould, K., Witney, A.A., and Lindsay, J.A. 
685 2015. Within-host diversity of MRSA antimicrobial resistances. J. Antimicrob. Chemother. 70, 
686 2191–2198.

687 Subirats, J., Sànchez-Melsió, A., Borrego, C.M., Balcázar, J.L., and Simonet, P. 2016. 
688 Metagenomic analysis reveals that bacteriophages are reservoirs of antibiotic resistance genes. 
689 Int. J. Antimicrob. Agents 48, 163–167.

690 Szczepanowski, R., Bekel, T., Goesmann, A., Krause, L., Krömeke, H., Kaiser, O., Eichler, W., 
691 Pühler, A., and Schlüter, A. 2008. Insight into the plasmid metagenome of wastewater treatment 
692 plant bacteria showing reduced susceptibility to antimicrobial drugs analysed by the 454-
693 pyrosequencing technology. J. Biotechnol. 136, 54–64.

694 Tacconelli, E., and Magrini, N. 2017. Global priority list of anitbiotic-resistant bacteria to guide 
695 research, discovery, and development of new antibiotics (World Health Organization, Geneva).

Page 23 of 25

https://mc06.manuscriptcentral.com/cjm-pubs

Canadian Journal of Microbiology



Draft

696 Tofteland, S., Naseer, U., Lislevand, J.H., Sundsfjord, A., and Samuelsen, Ø. 2013. A long-term 
697 low-frequency hospital outbreak of KPC-producing Klebsiella pneumoniae involving intergenus 
698 plasmid diffusion and a persisting environmental reservoir. PLOS ONE 8, e59015.

699 Traglia, G.M., Chua, K., Centrón, D., Tolmasky, M.E., and Ramírez, M.S. 2014. Whole-genome 
700 sequence analysis of the naturally competent Acinetobacter baumannii clinical isolates. Genome 
701 Biol. Evol. 6, 2235–2239.

702 Valenzuela, J.K., Thomas, L., Partridge, S.R., van der Reijden, T., Dijkshoorn, L., and Iredell, J. 
703 2007. Horizontal gene transfer in a polyclonal outbreak of carbapenem-resistant Acinetobacter 
704 baumannii. J. Clin. Microbiol. 45, 453–460.

705 Weigel, L.M., Clewell, D.B., Gill, S.R., Clark, N.C., McDougal, L.K., Flannagan, S.E., Kolonay, 
706 J.F., Shetty, J., Killgore, G.E., and Tenover, F.C. 2003. Genetic analysis of a high-level 
707 vancomycin-resistant isolate of Staphylococcus aureus. Science 302, 1569–1571.

708 Weingarten, R.A., Johnson, R.C., Conlan, S., Ramsburg, A.M., Dekker, J.P., Lau, A.F., Khil, P., 
709 Odom, R.T., Deming, C., Park, M., et al. 2018. Genomic analysis of hospital plumbing reveals 
710 diverse reservoir of bacterial plasmids conferring carbapenem resistance. MBio 9, e02011-17.

711 Wiedenbeck, J., and Cohan, F. 2011. Origins of bacterial diversity through horizontal genetic 
712 transfer and adaptation to new ecological niches. FEMS Microbiol. Rev. 35, 957–976.

713 Willi, K., Sandmeier, H., Kulik, E.M., and Meyer, J. 1997. Transduction of antibiotic resistance 
714 markers among Actinobacillus actinomycetemcomitans strains by temperate bacteriophages 
715 AФ323. Cell. Mol. Life Sci. 53, 904–910.

716 Xia, Z.-J., Wang, J., Hu, W., Liu, H., Gao, X.-Z., Wu, Z.-H., Zhang, P.-Y., and Li, Y.-Z. 2008. 
717 Improving conjugation efficiency of Sorangium cellulosum by the addition of dual selection 
718 antibiotics. J. Ind. Microbiol. Biotechnol. 35, 1157–1163.

719 Yeh, Y.-C., Chang, K.-C., Yang, J.-C., Fang, C.-T., and Wang, J.-T. 2002. Association of 
720 metronidazole resistance and natural competence in Helicobacter pylori. Antimicrob. Agents 
721 Chemother. 46, 1564–1567.

722 Yim, G., Wang, H.H., and Davies, J. (2007). Antibiotics as signalling molecules. Philos. Trans. 
723 R. Soc. B 362, 1195–1200.

724 Zeman, M., Mašlaňová, I., Indráková, A., Šiborová, M., Mikulášek, K., Bendíčková, K., Plevka, 
725 P., Vrbovská, V., Zdráhal, Z., Doškař, J., et al. 2017. Staphylococcus sciuri bacteriophages 
726 double-convert for staphylokinase and phospholipase, mediate interspecies plasmid transduction, 
727 and package mecA gene. Sci. Rep. 7, 46319.

728 Zhang, P.-Y., Xu, P.-P., Xia, Z.-J., Wang, J., Xiong, J., and Li, Y.-Z. 2013. Combined treatment 
729 with the antibiotics kanamycin and streptomycin promotes the conjugation of Escherichia coli. 
730 FEMS Microbiol. Lett. 348, 149–156.

Page 24 of 25

https://mc06.manuscriptcentral.com/cjm-pubs

Canadian Journal of Microbiology



Draft

731 Zhao, W.-H., and Hu, Z.-Q. 2013. Epidemiology and genetics of CTX-M extended-spectrum β-
732 lactamases in Gram-negative bacteria. Crit. Rev. Microbiol. 39, 79–101.

733 Zheng, R., Zhang, Q., Guo, Y., Feng, Y., Liu, L., Zhang, A., Zhao, Y., Yang, X., and Xia, X. 
734 2016. Outbreak of plasmid-mediated NDM-1-producing Klebsiella pneumoniae ST105 among 
735 neonatal patients in Yunnan, China. Ann. Clin. Microbiol. Antimicrob. 15, 10.

736

737

738 Table 1. 2017 WHO list of priority pathogens and their natural competence ability

Pathogen (resistance) Natural
competence

Priority: Critical
Acinetobacter baumannii (carbR) Yes
Pseudomonas aeruginosa (carbR) Yes
Enterobacteriaceae (carbR, ESBL)

Including E. coli, Klebsiella Predicted

Priority: High
Enterobacteriaceae- Salmonella (flrqR) Predicted
Staphylococcus aureus (vanR) Yes
Helicobacter pylori (clarR) Yes
Enterococcus faecium (vanR) No
Neisseria gonorrhoeae (flrqR, cephR) Yes
Campylobacter spp (flrqR) Yes
Priority: Medium
Enterobacteriaceae- Shigella spp (flrqR) Predicted
Streptococcus pneumoniae (penR) Yes
Haemophilus influenzae (ampR) Yes

739 carbR, carbapenem-resistant; flrqR, fluoroquinolone-resistant; vanR, vancomycin-resistant; 
740 clarR, clarithromycin-resistant; cephR, cephalosporin-resistant; penR, penicillin-non-susceptible; 
741 ampR, ampicillin-resistant.

742
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