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Abstract 43 

Increased colonisation by antimicrobial resistant organisms is closely associated with 44 

international travel. This study investigated the diversity of mobile genetic elements 45 

involved with antimicrobial resistance (AMR) gene carriage in extended-spectrum 46 

beta-lactamase (ESBL) -producing Escherichia coli that colonised travellers to Laos. 47 

Long-read sequencing was used to reconstruct complete plasmid sequences from 48 

49 isolates obtained from the daily stool samples of 23 travellers over a three-week 49 

period. This method revealed a collection of 105 distinct plasmids, 38.1% of which 50 

carried AMR genes. The plasmids in this population were diverse, mostly unreported 51 

and included 38 replicon types, with F-type plasmids (n=22) the most prevalent 52 

amongst those carrying AMR genes.  53 

Fine-scale analysis of all plasmids identified numerous AMR gene contexts and 54 

emphasised the importance of IS elements, specifically members of the IS6/IS26 55 

family, in the creation of complex multi-drug resistance regions. We found a 56 

concerning convergence of ESBL and colistin resistance determinants, with three 57 

plasmids from two different F-type lineages carrying blaCTX-M and mcr genes. The 58 

extensive diversity seen here highlights the worrying probability that stable new 59 

vehicles for AMR will evolve in E. coli populations that can disseminate 60 

internationally through travel networks. 61 

 62 

Impact Statement 63 

The global spread of AMR is closely associated with international travel. AMR is a 64 

severe global concern and has compromised treatment options for many bacterial 65 

pathogens, among them pathogens carrying ESBL and colistin resistance genes.  66 

Colonising MDR organisms have the potential to cause serious consequences. 67 

Infections caused by MDR bacteria are associated with longer hospitalisation, poorer 68 
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patient outcomes, greater mortality, and higher costs compared to infections with 69 

susceptible bacteria. 70 

This study elucidates the numerous different types of plasmids carrying AMR genes 71 

in colonising ESBL-producing E. coli isolates found in faecal samples from in 72 

travellers to Vientiane, Laos. Here we add to known databases of AMR plasmids by 73 

adding these MDR plasmids found in Southeast Asia, an area of high AMR 74 

prevalence. We characterised novel AMR plasmids including complex ESBL (blaCTX-75 

M) and colistin (mcr) resistance co-carriage plasmids, emphasising the potential 76 

exposure of travellers to Laos to a wide variety of mobile genetic elements that may 77 

facilitate global AMR spread. This in-depth study has revealed further detail of the 78 

numerous factors that may influence AMR transfer, therefore potential routes of AMR 79 

spread internationally, and is a step towards finding methods to combat AMR 80 

spread. 81 

 82 

Data Summary  83 

Long-read sequencing data is available through National Center for Biotechnology 84 

Information under the BioProject PRJNA853172. Complete plasmid sequences have 85 

been uploaded to GenBank with accession numbers in supplementary S1. The 86 

authors confirm all supporting data, code and protocols have been provided within 87 

the article or through supplementary data files.  88 
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Introduction 89 

Infections caused by antimicrobial-resistant organisms are harder to treat, lengthen 90 

hospital stays, increase mortality rates, and place a significant financial burden on 91 

healthcare institutes (1). It is increasingly important to characterise the mechanisms 92 

that allow antimicrobial resistance (AMR) to spread worldwide, compromising 93 

treatment options for many bacterial pathogens. The rapid spread of AMR has been 94 

closely associated with international travel (2-5). Clinically relevant AMR 95 

determinants are commonly found in Gram-negative bacteria colonising travellers 96 

returning from regions with highest AMR prevalence, including South-East Asia (3, 6, 97 

7).  98 

Escherichia coli, a Gram-negative human gut commensal and opportunistic 99 

extraintestinal pathogen, is an important vector for AMR (8, 9). As exemplified by 100 

pandemic multi-drug resistant (MDR) lineages such as ST131 (10, 11), E. coli is 101 

capable of acquiring and maintaining multiple AMR determinants and exhibiting 102 

resistance to multiple classes of antibiotics. The presence of combinations of AMR 103 

genes can significantly impact therapeutic options. The limited treatment options for 104 

ESBL-resistant organisms make these a cause of concern. Colistin is a last-resort 105 

antibiotic included in the Reserve category of the WHO Essential Medicines List 106 

(12).  In E. coli and other Gram-negative bacteria, carriage of both colistin resistance 107 

genes and production of extended spectrum beta-lactamases (ESBLs) is concerning 108 

as it suggests a potentially stable environment for the accumulation of further 109 

resistance, for example, carbapenems, severely limiting treatment options (9, 13, 110 

14). ESBL resistance genes, including blaCTX-M variants, and mcr genes that confer 111 

colistin resistance are commonly found in E. coli carried by returning travellers (3, 6, 112 

7, 15).  AMR genes can move intra- or inter-cellularly and accumulate at single sites 113 

in association with mobile genetic elements (MGEs) (16-19). Plasmids are 114 

extrachromosomal genetic elements that can transfer horizontally between bacteria 115 
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of the same or different species and are strongly associated with the spread of AMR 116 

(20, 21) . In E. coli and other members of the Enterobacterales, AMR genes have 117 

been found in many different plasmid types (20). Reports of epidemic and 118 

internationally-distributed plasmids (22-24), highlight the threat successful plasmid 119 

lineages pose and the importance of understanding the mechanisms by which they 120 

acquire and accumulate AMR genes.  121 

We recently characterised the dynamics of acquisition of multi-drug resistant Gram-122 

negative organisms in real time during travel to Vientiane, Laos. These MDR Gram-123 

negative organisms had a surprisingly high co-prevalence of ESBLs and colistin 124 

resistance genes (7). Here we explore the pattern of AMR carriage and context in E. 125 

coli from that cohort using long-read sequencing to understand the contexts of AMR 126 

genes and the role of MGEs, particularly plasmids, in the acquisition of drug-resistant 127 

E. coli by travellers to a region of high AMR prevalence. The 49 representative 128 

isolates selected for long-read sequencing in this study were collected on a daily 129 

basis in an area of high AMR prevalence, enabling continuous monitoring of the 130 

drug-resistant E. coli that colonised study participants. Continuous sampling 131 

facilitated the examination of common and circulating plasmids in the E. coli 132 

population, across a variety of sequence types (STs) and at different study time 133 

points. Our data shows the diversity and widespread distribution of numerous distinct 134 

AMR plasmids acquired by these travellers in Vientiane, Laos and the multiple 135 

different potential routes of AMR spread by plasmids and highlighted the complex 136 

nature of plasmids carrying both ESBL resistance and mcr genes. 137 

 138 

Methods 139 

Study design and Sample source 140 
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The E. coli isolates used here were collected as part of a study (7) looking at the 141 

dynamics of gut colonisation of 21 volunteers attending a medical course in 142 

Vientiane, Laos. Faecal samples were taken daily during the 22-day period. Samples 143 

were processed, shipped, stored and handled as previously described in Kantele et 144 

al (7). Here ESBL-positive isolates were cultured from faecal samples after initial 145 

screening on CHROMagar ESBL agar plates (CHROMagar, Paris, France) at the 146 

Microbiology Laboratory of Mahosot Hospital, Vientiane, Laos and after 147 

transportation further screened with chromID ESBL chromogenic medium 148 

(bioMérieux) by University of Helsinki, Helsinki, Finland (7). These ESBL isolates (7) 149 

were used in this study. In order to explore the pattern of AMR in this traveller 150 

dataset and the role of MGEs we prepared hybrid assemblies and annotated plasmid 151 

sequences identified to locate resistance genes and potential routes for spread. 152 

 153 

Selection of E. coli isolates for MinION Sequencing 154 

Whole genome sequences of 306 ESBL-positive Gram-negative isolates from the 155 

Laos study were previously generated (7) and are available under NCBI BioProject 156 

accession number PRJNA558187. Illumina-generated whole genome sequences of 157 

E. coli isolates (n=219) were sequence typed using mlst (v2.15) 158 

(https://github.com/tseemann/mlst). Isolates were selected for MinION sequencing 159 

(n=49) by deduplication of longitudinal patient samples, and by using abricate 160 

(v.0.8.10) (https://github.com/tseemann/abricate) to identify unique elements such as 161 

plasmid replicons (plasmidfinder (v.0.8.10)) and antibiotic resistance genes 162 

(resfinder (v.0.8.10)) (36) from the short read assemblies generated with SPAdes (v. 163 

3.13.0). 164 

 165 

DNA Extraction and Sequencing 166 
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E. coli were cultured overnight on UTI Chromogenic agar (Sigma) at 37oC. After 167 

purity checks single colonies were subcultured overnight in LB Broth (Miller) 168 

(shaking, 37 oC). For the majority of isolates DNA was extracted using Monarch 169 

Genomic DNA Extraction kit (NEB), but in some instances a lower quantity and 170 

quality yield was obtained. In these instances, we noticed atypical precipitates and 171 

opted for extraction using phenol chloroform with Cetyltrimethylammonium bromide 172 

(CTAB). The extracted DNA was sequenced over 4 runs MinION (Oxford Nanopore 173 

Technology), using R9.4.1 flow cells. Three runs were prepared using Ligation 174 

Protocol (LSK-SQK109), and one run with the Rapid Barcoding Sequencing Kit 175 

(SQK-RBK004), with both protocols modified to a one-pot implementation. 176 

 177 

Long read sequencing analysis 178 

Data was basecalled using Guppy (v0.5.1) 179 

https://github.com/nanoporetech/pyguppyclient). The quality of the data was 180 

examined using NanoPlot (v1.28.2) (25). In read files where coverage was high, 181 

filtlong (>100X) (v0.2.0) (https://github.com/rrwick/Filtlong) was used to select the 182 

best-read files available and the coverage was limited to 100X. Barcodes were 183 

trimmed using qcat (v1.0.1) (https://github.com/nanoporetech/qcat).  Hybrid 184 

assemblies using the Illumina reads were created with Unicycler (v0.4.7) (26)  and 185 

visualised in Bandage (v.0.8.1) (27). In some instances, Unicycler was unable to fully 186 

resolve the assembly; in these cases we took a long-read first approach, using Flye 187 

(v2.6) (28) to assemble the long read set into a gfa file that was then provided to the 188 

Unicycler pipeline. Assemblies were analysed using abricate (v.0.8.10) with the 189 

resfinder (29, 30) and plasmidfinder databases (31). TigSPLIT 190 

(https://github.com/stevenjdunn/TigSPLIT) was used to extract contigs, allowing 191 

detailed analysis of the location of plasmid replicons in relation to resistance genes 192 

present in each isolate.  193 
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 194 

Analysis of plasmids sequences 195 

Plasmid contigs were annotated using Prokka (v1.14.6) (32). abricate (v.0.8.10) was 196 

used to identify plasmid replicons with the PlasmidFinder database and AMR genes 197 

were identified with Resfinder (85% coverage and identity cut offs). In situations 198 

where plasmidfinder did not provide a type, plasmid contigs were compared to 199 

known plasmid replicons for type assignments. Where possible, plasmid replicons 200 

were sub-typed using the PubMLST database (https://pubmlst.org/) (33, 34). 201 

Snapgene (v5.2.4) was used to visualise Prokka-annotated plasmid contigs. 202 

ISFinder (35) was used to identified insertion sequence (IS) elements. NCBI BLAST 203 

(v2.5.0+) was used to compare plasmids to reference plasmids (Supplementary S2). 204 

The NCBI non-redundant nucleotide database was queried with BLASTn to 205 

determine whether plasmids identified here had been seen elsewhere. BLASTn and 206 

tBLASTn were used to compare similar plasmid regions and to identify homologs of 207 

known plasmid genes. Mashtree (v1.2.0) (36) and Panaroo (v1.2.3) (37) were used 208 

to compare plasmids. ISEScan (v.1.7.2.3) was used to quantify IS elements in 209 

plasmid assemblies at an element-family level (38). 210 

 211 

Identification of small plasmids from Illumina dataset 212 

NCBI BLAST (v2.5.0+) was used to search draft genomes for plasmid-specific 100 213 

bp signature sequences (Supplementary S3), as described previously (22). This 214 

facilitated the detection of specific plasmid lineages whether they were represented 215 

by single or multiple contigs in the Illumina dataset (7).  216 

 217 

Results   218 

Isolates from Laos contain a broad diversity of plasmids and resistance genes 219 
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A total of 163 complete plasmids were obtained from the hybrid-assembled genomes 220 

of 49 E. coli isolates that colonised 21 participants and their contacts 221 

(Supplementary S4). Isolates harboured 1 to 8 plasmids each, except for a single 222 

ST1722 isolate that did not contain any plasmids. The 163 plasmids were typed by 223 

size, replicon type and AMR gene carriage, and identical or almost-identical 224 

plasmids (Table S3) were deduplicated, resulting in a total of 105 distinct plasmids. 225 

These 105 plasmids were named pLAO1-pLAO105 (Supplementary S1 and S4) and 226 

ranged in size from 1,531 – 259,739 bp, with around half (53.3%, n=56) smaller than 227 

25 kb. Forty of the 105 plasmids (38.1%) contained one or more AMR genes. 228 

Plasmids that did not carry AMR genes were generally smaller (mean size: 23,554 229 

bp), than those that did (mean size: 97,260 bp). However, pLAO10 (GenBank 230 

accession OP242224), pLAO78 (OP242289) and pLAO84 (OP242239) are notable 231 

ColE1-like plasmids that carry 1-5 AMR genes each and range in size from just 232 

5,540 bp to 22,368 bp (Table S4).  233 

 234 

Thirty-eight different replicon types were identified in the collection of 105 plasmids. 235 

Types present amongst small plasmids included: theta-replicating plasmids that 236 

initiate replication with RNA primers (θ-RNA, n=26) or replication proteins (θ-Rep, 237 

n=9), rolling-circle plasmids (n=6), and Q-type plasmids that replicate by strand-238 

displacement (n=3). Amongst large plasmids (>25 kb), F-types (n=22) were 239 

dominant, and their replicons were sub-typed using the PubMLST database 240 

(Supplementary S4). Other large plasmids include phage-plasmids (n=9, including Y 241 

or p0111 types) and X-types (n=5). Nine large plasmids were co-integrates, which 242 

included multiple replicons of disparate types and all contained one or more AMR 243 

genes (Figure 1). Ten plasmids could not be assigned a type (Figure 1). In total, 244 

76.3% (n=29) of plasmid types contained AMR genes, with the most prevalent being 245 

FII-46:FIB-20 (n=4), X1 (n=3) , θ-RNA (n=3), FII-2 (n=2), FII-46:FIB-10 (n=2), p0111 246 
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(n=2) and Y (n=2) (Figure 1, Supplementary S4). AMR plasmids were present across 247 

all participants throughout the study (Supplementary S4 & S5), with carriage 248 

occurring sporadically and transiently during the study period.  249 

 250 

We found evidence suggesting the circulation of plasmids within Lao E. coli in the 251 

traveller population. One example, the ColE1-like plasmid pLAO84 (GenBank 252 

accession: OP242239), which carries the tetracycline resistance determinant tet(A), 253 

was found in the complete genomes of E. coli of two different STs, ST195 and ST34, 254 

that were acquired by two different participants (Pt33 and Pt40). Mapping Illumina 255 

reads against the complete pLAO84 sequence confirmed plasmid circulation, with its 256 

complete or fragmented sequence detected in seven additional E. coli isolates 257 

(Supplementary S6). These isolates were obtained from six different participants 258 

(including Pt33 and Pt40) over a 10-day period. Another example of a potential 259 

circulating plasmid, the Q1 plasmid pLAO60 (GenBank accession OP242237) that 260 

carries aminoglycoside and beta-lactam resistance genes (Table S4), was present in 261 

the complete genome of the ST542 isolate (LA124) and in one genome (LA230) in 262 

the wider Illumina dataset (Supplementary S4 & S7). The LA230 isolate Q1 plasmid 263 

was missing a 101 bp segment that was likely lost in a homologous recombination 264 

event. 265 

 266 

Another notable finding was the presence of phage and virulence plasmids in this 267 

collection. A Y-type phage-plasmid, pLAO59 (GenBank accession OP242238), 268 

appears to have lost key genes for phage body synthesis, potentially in deletion 269 

events mediated by ISKpn26 and IS1294, and instead carries genes that confer 270 

resistance to six antibiotic classes and genes that confer resistance to mercury, 271 

copper, and silver (Supplementary S8). The FII-18:FIB-1 pLAO32 is related to the 272 

colicin V (ColV) virulence-resistance plasmid pCERC3 (39) and contains virulence 273 
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genes, including those for the aerobactin and Sit siderophore systems, in addition to 274 

multiple drug resistance genes (Supplementary S8), but lacks the genes for ColV. 275 

 276 

Variation within individual plasmid types, with diverse and complex resistance 277 

regions 278 

In addition to the variety of different plasmid types, long-read sequence data allowed 279 

us to observe diversity amongst plasmids of the same type (Supplementary S4-S9). 280 

There was considerable genetic diversity in plasmids carrying the FII-2 replicon 281 

(Figure 2). FII-2 plasmids pLAO44 (GenBank accession OP242233) and pLAO37 282 

(OP242229) in ST69 and ST101 strains only contained FII-2 replicons, while FII-2 283 

plasmid pLAO82 (OP242230) in an ST34 isolate carried an additional θ -RNA 284 

replicon and plasmids pLAO100 (ST40, OP242240) and pLAO103 (ST457, 285 

OP242243) carried an additional FIB-10 replicon (Figure 2 & 3). Diversity also 286 

occurred in the resistance regions of these plasmids (Figure 2 & Supplementary S9). 287 

FII-2 plasmids carried multiple resistance genes, including various combinations of 288 

blaCTX-M-27, blaCTX-M-55 and mcr-3.4 (Figure 2 & 3). Plasmid types FII-2 (pLAO37), FII-289 

2:θ-RNA (pLAO82) and FII-46:FIB-like (pLAO69, OP242232) incorporated resistance 290 

regions with an accumulation of multiple resistance genes and co-carriage of mcr 291 

and blaCTX-M genes (Figure 3B). FII-2:θ-RNA, pLAO82, demonstrated even more 292 

complexity with further accumulation of resistance genes as it  also carried an 293 

additional mcr-3.4 located between copies of IS26 and ISKpn40 (Figure 3). There is 294 

widespread global distribution of the resistance regions found in these FII-2 plasmids 295 

which have been identified in multiple countries, some of which are not close to Laos 296 

(Supplementary S10).  We found no link between the ST of the isolate and the type 297 

of plasmid AMR genes carried by that ST (Figure 3A). 298 

 299 

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

The copyright holder for this preprintthis version posted August 24, 2022. ; https://doi.org/10.1101/2022.08.22.504756doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504756
http://creativecommons.org/licenses/by/4.0/


Co-carriage of blaCTX-M and mcr genes occurs in multiple resistance region 300 

configurations 301 

Three plasmids in this collection carried both blaCTX-M and mcr genes (Figure 3B). All 302 

three blaCTX-M/mcr co-carriage plasmids were F-types, but they differed in size and 303 

plasmid replicon type. The 98,237 bp plasmid, pLAO37, carried only an FII-2 replicon 304 

and was found in five ST101 E. coli isolates. The 110,949 bp pLAO82, was a multi-305 

replicon co-integrate plasmid carrying both FII-2 and θ-RNA replicons and was found 306 

in one ST34 E. coli isolate. The 105,425 bp plasmid, pLAO69 carried FII-46 and FIB-307 

20 replicons, and was found in two ST10 E. coli isolates. All three of these plasmids 308 

have typical F-type plasmid backbones that include genes for replication, stable 309 

maintenance, conjugative transfer and establishment in new hosts (39, 40). Each 310 

plasmid contained a complete and uninterrupted transfer region, suggesting all three 311 

have the capacity for self-mediated conjugation (41). 312 

Detailed comparison of the FII-2 plasmids pLAO37 and pLAO82 showed that the 313 

backbones are almost identical apart from a recombination patch (approximately 7 314 

kb). pLAO37 and pLAO82 have the same FII-2 repA1 gene. The AMR genes in both 315 

pLAO37 and pLAO82, are located in a complex region bounded by IS26 at the left 316 

end and Tn1721 at the right end (Figure 3B). These regions are comprised of 317 

sequences from multiple mobile genetic elements with distinct origins and include 318 

genes that confer resistance to beta-lactams (blaCTX-M); colistin (mcr-3.4); 319 

aminoglycosides (aacC2d); chloramphenicol (catA1) and quinolones (qnrS1). An 320 

additional θ-RNA replicon in pLAO82 is part of a small plasmid that has been 321 

captured and incorporated into the resistance region. pLAO37 and pLAO82 contain 322 

an extra partial Tn21 and partial IS26 region inserted in between tmrB and mcr gene 323 

(Figure 3B).  The pLAO82 resistance region also includes an additional copy of mcr-324 

3.4. The mcr-3.4 in pLAO37 was truncated by ISKpn26, which removed the terminal 325 

32 bp of the gene. This configuration of ISKpn26 and mcr-3.4 is not present in any 326 

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

The copyright holder for this preprintthis version posted August 24, 2022. ; https://doi.org/10.1101/2022.08.22.504756doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504756
http://creativecommons.org/licenses/by/4.0/


other sequence deposited in the GenBank non-redundant nucleotide database.  A 327 

novel transposon, Tn7514, was present in both pLAO37 and pLAO82 but has 328 

inserted in two different backbone locations (Figure 2B, Supplementary S11 & 329 

S12)(42). 330 

Although largely syntenic, the nucleotide identity of the pLAO69 backbone differs 331 

significantly from that of pLAO37 and pLAO82, consistent with its distinct replicon 332 

type. The FII-46 repA1 gene of pLAO69 is only 94% identical to FII-2 repA1 of 333 

pLAO37 and pLAO82. The pLAO69 transfer region also differed significantly 334 

matching only 89% of pLAO37 and pLAO82 transfer region with an overall identity of 335 

97.2% in a BLASTn comparison. pLAO69 carried mcr-3.1, which differs from the 336 

mcr-3.4 found in pLAO37 and pLAO82 (Figure 3B). However, inspection of the 337 

resistance region in pLAO69 that contains mcr-3.1 revealed that it is largely 338 

comprised of the same confluence of mobile elements found in the resistance 339 

regions of pLAO37 and pLAO82 (Figure 3B). In addition to their identities, the 340 

configuration of these elements was the same in pLAO69 and pLAO37/pLAO82.  341 

 342 

Insertion sequence type, abundance and diversity is associated with AMR 343 

gene carriage 344 

The vast majority (n=36) of the 40 AMR plasmids contained one or more IS. The four 345 

exceptions were plasmids that contained AMR genes found in association with gene 346 

cassettes (blaVEB in pLAO60 and mcr-1.1 in pLAO41 and aadA2, ant(3'')-Ia, cmlA1, 347 

dfrA12 in  pLAO78), or Miniature Inverted-repeat Tandem Elements (MITEs) (tet(A) 348 

in pLAO84). AMR plasmids carried almost three times more unique families of IS 349 

than their non-AMR counterparts (Figure 4A), with an average of 6.75 unique IS 350 

families in AMR plasmids (range 1-11), vs 2.4 in non-AMR plasmids (range 1-8).  351 

AMR plasmids contained an abundance of IS6/26 and IS1-family elements. Of the 352 

36 AMR plasmids that did carry IS elements, all but one carried at least one IS6-353 
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family element (Figure 4A), and IS1 family was present in 83% (n=30).  IS3 and IS5 354 

were also common, present in 75% (n=27) and 78% (n=28) of AMR plasmids, 355 

respectively. Differences in IS6 family element carriage were seen between AMR 356 

and non-AMR plasmids, with AMR plasmids containing a mean of five IS6 family 357 

elements per plasmid (range 0-9). In contrast, only 24% (n=4) of non-AMR plasmids 358 

carried IS6 family elements, with only 1-2 IS6 elements per plasmid (Figure 4A). IS6-359 

family elements were present in all plasmids that co-carry blaCTX-M and mcr genes 360 

(Figure 4B), where they were the most prevalent IS family. There was no clear 361 

association between IS families and co-carriage of the mcr and blaCTX-M genes 362 

(Figure 4B). In plasmids where there was co-carriage of mcr and blaCTX-M genes, IS6 363 

and IS3 were the most abundant IS families, with all co-carriage plasmids 364 

additionally carrying IS1380, IS1 and IS4. In each co-carriage plasmid, more than six 365 

different IS families were identified, and of the IS identified between 30%-46% were 366 

IS6 family (Figure 4B) with IS26 the most prominent element.  367 

 368 

Discussion 369 

In this study we conducted an in-depth investigation of the role of plasmids in the 370 

alarmingly high levels of AMR found in E. coli that colonised the GI tract of travellers 371 

to Laos (7). We have revealed an enormous diversity in the plasmids of this E. coli 372 

population, particularly in their resistance regions, many of which contained multiple 373 

AMR genes. Concerningly, the majority of the 40 AMR plasmids (n=30, 75%) 374 

contained ESBL genes, a colistin resistance gene or both.  Our data showed the 375 

abundance and importance of plasmid types F-type, X-type, Q-type and ColE1-like 376 

plasmids as vectors for AMR gene spread in E. coli in Laos. AMR plasmids 377 

accounted for 38.1% (n=40) of the 105 distinct plasmids, 17 of these 40 AMR 378 

plasmids identified were F-type (42.5%) highlighting the importance of F-type 379 

plasmids as carriers of AMR genes (including ESBLs, mcr). F-type plasmids are 380 
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known to carry AMR genes (43) and are an important factor in the high incidence of 381 

AMR carriage in this study. Although four types dominated, the AMR plasmid 382 

population identified in travellers to this region of Laos was extremely diverse with 29 383 

different plasmid types, including phage and virulence plasmids, found to carry AMR 384 

genes. Both AMR and non-AMR plasmids were identified throughout the study, 385 

including several from baseline faecal samples (7) where plasmids may have been 386 

acquired from travel to Laos or potentially from other travel. 387 

A variety of less anticipated vehicles for AMR genes were identified in these Lao E. 388 

coli. Small ColE1-like θ-RNA plasmids are common in E. coli (21, 44) and their high 389 

prevalence would be expected. These θ-RNA (n=26) were the most prevalent 390 

plasmid in the collection, followed by F-types (n=23) (Figure 1) but in contrast to F-391 

type plasmids, only a small number of θ-RNA plasmids (n=3) carried AMR genes. 392 

This is consistent with previous findings that ColE1-like plasmids occasionally carry 393 

resistance genes, including aminoglycoside and beta-lactam resistance determinants 394 

(45). While relatively uncommon, the importance of small, high-copy number 395 

plasmids to AMR should not be underestimated, as these can serve as platforms for 396 

the evolution of new resistance phenotypes (45, 46). The tet(A)-carrying ColE1-like 397 

plasmid pLAO84 clearly demonstrates the capacity these small plasmids have for 398 

disseminating resistance genes. pLAO84 was found in multiple E. coli STs in this 399 

collection, suggesting that it was circulating in the local E. coli population before 400 

being acquired by multiple study participants (Supplementary S6). Additionally, the 401 

presence of a plasmid almost identical to pLAO84 in GenBank (GenBank accession 402 

CP057097.1) indicates this ColE1-like plasmid lineage has already spread 403 

internationally, as it was present in Escherichia fergusonii isolated from pig faeces in 404 

the United Kingdom. 405 

A Y-type phage-plasmid (pLAO59, OP242238, Supplementary S8) highlighted an 406 

additional opportunity for AMR spread since there is a chance for co-selection of this 407 
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MDR plasmid due to carriage of metal resistance genes e.g. for silver and copper. 408 

pLAO59 appeared not only to have lost key phage genes required for the lytic 409 

lifestyle (47), apparently as a result of deletions by insertion sequences, but carried 410 

multiple AMR genes and heavy metal resistance genes. Co-resistance and cross-411 

resistance can cause co-selection of bacteria carrying metal resistance and AMR 412 

genes, with the metal resistance gene causing maintenance of the AMR gene (48, 413 

49). In Vientiane, Laos it has been reported that environmental samples sourced 414 

near municipal solid waste landfill showed heavy contamination with heavy metals 415 

including copper at levels higher than WHO permissible standards (50), indicating 416 

the possibility that co-selection by metal resistance genes is a real environmental 417 

pressure in the Vientiane area from which these isolates were collected.  Silver and 418 

copper can co-select for various AMR genes in E. coli including tetracycline and 419 

sulphonamide resistance genes, which were also found in pLAO59 (51, 52). 420 

Multiple combinations of AMR resistance genes were found in multiple genetic 421 

contexts associated with various mobile genetic elements. mcr genes for example 422 

were found next to multiple TEs (Figure 3, Supplementary S4) and mainly on F-type 423 

plasmids, consistent with literature indicating that mcr-3.4 is associated with the FII-424 

type (53, 54). ISEcp1 is known to contribute to the spread of blaCTX-M (55), but 425 

interestingly only one complete ISEcp1 was identified (pLAO32) as part of a blaCTX-M-426 

55-containing transposition unit flanked by the 5 bp target site duplication TAACA. 427 

Most blaCTX-M genes in this collection were associated with complete copies of IS26 428 

and partial ISEcp1 (Figure 2, 3, Figure 4A and S8-S9). IS26 from the IS6/26 family is 429 

known to play a key role in AMR gene dissemination (56-59). IS26 carriage 430 

predisposes plasmids to insertion of additional IS26 and any associated AMR genes, 431 

which facilitates the accumulation of AMR genes at single sites leading to multi-drug 432 

resistance phenotypes (56, 60). This appears to be the case with pLAO37, pLAO82 433 

and pLAO69 featuring IS26 and based on what is known of IS26 behaviour (56), 434 
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IS26 is likely to have played an important role in the assembly of their complex co-435 

carriage resistance regions (Figure 3).  436 

Analysis of plasmid contigs from 49 E. coli hybrid assemblies has confirmed the vast 437 

and diverse genetic context of AMR in the Kantele et al dataset isolated in Laos, and 438 

highlighted that as well as multiple unique colonising strains (7), there are multiple 439 

distinct plasmids present in this dataset. Long-read sequencing has been critical in 440 

highlighting the key role insertion sequence elements may play in the formation of 441 

this complex set of MDR plasmids that create a risk of spread AMR. This previously 442 

unreported cohort of MDR plasmids offers the alarming prospect that one of these 443 

will create a stable configuration for the creation of a successful pandemic MDR 444 

plasmid. 445 

 446 

Author Statements 447 

Author contributions 448 

AM and JC conceived the idea for this analysis. AK, EK, DABD, PNP, VD collected 449 

samples, isolated the strains and provided the isolates and epidemiological data in 450 

Laos. AS and SD performed long-read genomic sequencing and sequence 451 

processing. AS, SD and RM performed genomic analysis, data interpretation and 452 

data visualisation. AS, RM and SD drafted the article. AM discussed results and 453 

edited draft. JC, AK, PN and DD critically reviewed the draft. All authors read and 454 

approved the final manuscript.  455 

 456 

Conflicts of Interest 457 

The authors declare there is no conflict of interest. 458 

 459 

Funding Information 460 

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

The copyright holder for this preprintthis version posted August 24, 2022. ; https://doi.org/10.1101/2022.08.22.504756doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504756
http://creativecommons.org/licenses/by/4.0/


AS was funded by the Wellcome Antimicrobial and Antimicrobial Resistance (AAMR) 461 

DTP (108876B15Z). The Lao-Oxford-Mahosot Hospital-Wellcome Trust Research 462 

Unit is funded by the Wellcome Trust (grant number 106698/Z/14/Z). AK was 463 

supported by the Finnish Governmental Subsidy for Health Science Research, the 464 

Sigrid Jusélius Foundation, and the Academy of Finland (grant number 346127). JC 465 

was funded by the ERC grant no. 742158.  RM is funded by Medical Research 466 

Council grant awarded to AM (MRS0136601). SJD was funded by Biotechnology 467 

and Biological Sciences Research Council grant awarded to AM (BBR0062611).  468 

 469 

Ethical Approval 470 

The study protocol (see Appendix 1 of reference (7)) was approved by the Ethics 471 

Committee of the Helsinki University Hospital, Helsinki, Finland, and the Ethics 472 

Committee of Northwest and Central Switzerland, Basel, Switzerland. All participants 473 

provided written informed consent.  474 

Acknowledgements 475 

We are very grateful to the volunteers and the staff of the Microbiology Laboratory, 476 

Mahosot Hospital, Vientiane, Laos, who processed the samples and for the support 477 

of the directors and staff of Mahosot Hospital and the Ministry of Health, Lao PDR. 478 

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

The copyright holder for this preprintthis version posted August 24, 2022. ; https://doi.org/10.1101/2022.08.22.504756doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504756
http://creativecommons.org/licenses/by/4.0/


References 479 

1. Cosgrove SE. The relationship between antimicrobial resistance and patient 480 

outcomes: mortality, length of hospital stay, and health care costs. Clin Infect Dis. 2006;42 481 

Suppl 2:S82-9. 482 

2. Arcilla MS, Van Hattem JM, Bootsma MCJ, van Genderen PJJ, Goorhuis A, 483 

Grobusch MP, et al. Prevalence and risk factors for carriage of ESBL-producing 484 

Enterobacteriaceae in a population of Dutch travellers: A cross-sectional study. Travel Med 485 

Infect Dis. 2020;33:101547. 486 

3. Bevan ER, McNally A, Thomas CM, Piddock LJV, Hawkey PM. Acquisition and 487 

Loss of CTX-M-Producing and Non-Producing Escherichia coli in the Fecal Microbiome of 488 

Travelers to South Asia. MBio. 2018;9(6). 489 

4. Bokhary H, Pangesti KNA, Rashid H, Abd El Ghany M, Hill-Cawthorne GA. Travel-490 

Related Antimicrobial Resistance: A Systematic Review. Trop Med Infect Dis. 2021;6(1). 491 

5. Woerther PL, Andremont A, Kantele A. Travel-acquired ESBL-producing 492 

Enterobacteriaceae: impact of colonization at individual and community level. J Travel Med. 493 

2017;24(suppl_1):S29-S34. 494 

6. Arcilla MS, van Hattem JM, Haverkate MR, Bootsma MCJ, van Genderen PJJ, 495 

Goorhuis A, et al. Import and spread of extended-spectrum beta-lactamase-producing 496 

Enterobacteriaceae by international travellers (COMBAT study): a prospective, multicentre 497 

cohort study. The Lancet Infectious diseases. 2017;17(1):78-85. 498 

7. Kantele A, Kuenzli E, Dunn SJ, Dance DAB, Newton PN, Davong V, et al. Dynamics 499 

of intestinal multidrug-resistant bacteria colonisation contracted by visitors to a high-endemic 500 

setting: a prospective, daily, real-time sampling study. Lancet Microbe. 2021;2(4):e151-e8. 501 

8. Chaudhuri RR, Henderson IR. The evolution of the Escherichia coli phylogeny. Infect 502 

Genet Evol. 2012;12(2):214-26. 503 

9. Rawat D, Nair D. Extended-spectrum beta-lactamases in Gram Negative Bacteria. J 504 

Glob Infect Dis. 2010;2(3):263-74. 505 

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

The copyright holder for this preprintthis version posted August 24, 2022. ; https://doi.org/10.1101/2022.08.22.504756doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504756
http://creativecommons.org/licenses/by/4.0/


10. Stoesser N, Sheppard AE, Pankhurst L, De Maio N, Moore CE, Sebra R, et al. 506 

Evolutionary History of the Global Emergence of the Escherichia coli Epidemic Clone 507 

ST131. mBio. 2016;7(2):e02162. 508 

11. Petty NK, Ben Zakour NL, Stanton-Cook M, Skippington E, Totsika M, Forde BM, et 509 

al. Global dissemination of a multidrug resistant Escherichia coli clone. Proc Natl Acad Sci U 510 

S A. 2014;111(15):5694-9. 511 

12. Organisation WH. WHO Model List of  Essential Medicines. 2017. 512 

13. Meletis G. Carbapenem resistance: overview of the problem and future perspectives. 513 

Ther Adv Infect Dis. 2016;3(1):15-21. 514 

14. Gharaibeh MH, Shatnawi SQ. An overview of colistin resistance, mobilized colistin 515 

resistance genes dissemination, global responses, and the alternatives to colistin: A review. 516 

Vet World. 2019;12(11):1735-46. 517 

15. Matamoros S, van Hattem JM, Arcilla MS, Willemse N, Melles DC, Penders J, et al. 518 

Global phylogenetic analysis of Escherichia coli and plasmids carrying the mcr-1 gene 519 

indicates bacterial diversity but plasmid restriction. Sci Rep. 2017;7(1):15364. 520 

16. Nikaido H. Multidrug resistance in bacteria. Annu Rev Biochem. 2009;78:119-46. 521 

17. Aghapour Z, Gholizadeh P, Ganbarov K, Bialvaei AZ, Mahmood SS, Tanomand A, et 522 

al. Molecular mechanisms related to colistin resistance in Enterobacteriaceae. Infect Drug 523 

Resist. 2019;12:965-75. 524 

18. Furniss RCD, Kostrzewa M, Mavridou DAI, Larrouy-Maumus G. The clue is in the 525 

lipid A: Rapid detection of colistin resistance. PLoS Pathog. 2020;16(4):e1008331. 526 

19. Huddleston JR. Horizontal gene transfer in the human gastrointestinal tract: potential 527 

spread of antibiotic resistance genes. Infect Drug Resist. 2014;7:167-76. 528 

20. Partridge SR, Kwong SM, Firth N, Jensen SO. Mobile Genetic Elements Associated 529 

with Antimicrobial Resistance. Clin Microbiol Rev. 2018;31(4). 530 

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

The copyright holder for this preprintthis version posted August 24, 2022. ; https://doi.org/10.1101/2022.08.22.504756doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504756
http://creativecommons.org/licenses/by/4.0/


21. Rozwandowicz M, Brouwer MSM, Fischer J, Wagenaar JA, Gonzalez-Zorn B, 531 

Guerra B, et al. Plasmids carrying antimicrobial resistance genes in Enterobacteriaceae. J 532 

Antimicrob Chemother. 2018;73(5):1121-37. 533 

22. Hu Y, Moran RA, Blackwell GA, McNally A, Zong Z. Fine-Scale Reconstruction of 534 

the Evolution of FII-33 Multidrug Resistance Plasmids Enables High-Resolution Genomic 535 

Surveillance. mSystems. 2022;7(1):e0083121. 536 

23. Leon-Sampedro R, DelaFuente J, Diaz-Agero C, Crellen T, Musicha P, Rodriguez-537 

Beltran J, et al. Pervasive transmission of a carbapenem resistance plasmid in the gut 538 

microbiota of hospitalized patients. Nat Microbiol. 2021;6(5):606-16. 539 

24. Harmer CJ. HI1 and I1 Resistance Plasmids from Salmonella enterica Serovar 540 

Typhimurium Strain SRC27 Are Epidemic. Microb Drug Resist. 2021;27(11):1495-504. 541 

25. De Coster W, D'Hert S, Schultz DT, Cruts M, Van Broeckhoven C. NanoPack: 542 

visualizing and processing long-read sequencing data. Bioinformatics. 2018;34(15):2666-9. 543 

26. Wick RR, Judd LM, Gorrie CL, Holt KE. Unicycler: Resolving bacterial genome 544 

assemblies from short and long sequencing reads. PLoS Comput Biol. 2017;13(6):e1005595. 545 

27. Wick RR, Schultz MB, Zobel J, Holt KE. Bandage: interactive visualization of de 546 

novo genome assemblies. Bioinformatics. 2015;31(20):3350-2. 547 

28. Kolmogorov M, Yuan J, Lin Y, Pevzner PA. Assembly of long, error-prone reads 548 

using repeat graphs. Nat Biotechnol. 2019;37(5):540-6. 549 

29. Borowiak M, Fischer J, Hammerl JA, Hendriksen RS, Szabo I, Malorny B. 550 

Identification of a novel transposon-associated phosphoethanolamine transferase gene, mcr-5, 551 

conferring colistin resistance in d-tartrate fermenting Salmonella enterica subsp. enterica 552 

serovar Paratyphi B. J Antimicrob Chemother. 2017;72(12):3317-24. 553 

30. Bortolaia V, Kaas RS, Ruppe E, Roberts MC, Schwarz S, Cattoir V, et al. ResFinder 554 

4.0 for predictions of phenotypes from genotypes. J Antimicrob Chemother. 555 

2020;75(12):3491-500. 556 

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

The copyright holder for this preprintthis version posted August 24, 2022. ; https://doi.org/10.1101/2022.08.22.504756doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504756
http://creativecommons.org/licenses/by/4.0/


31. Carattoli A, Hasman H. PlasmidFinder and In Silico pMLST: Identification and 557 

Typing of Plasmid Replicons in Whole-Genome Sequencing (WGS). Methods Mol Biol. 558 

2020;2075:285-94. 559 

32. Seemann T. Prokka: rapid prokaryotic genome annotation. Bioinformatics. 560 

2014;30(14):2068-9. 561 

33. Jolley KA, Bray JE, Maiden MCJ. Open-access bacterial population genomics: 562 

BIGSdb software, the PubMLST.org website and their applications. Wellcome Open Res. 563 

2018;3:124. 564 

34. Villa L, Garcia-Fernandez A, Fortini D, Carattoli A. Replicon sequence typing of 565 

IncF plasmids carrying virulence and resistance determinants. J Antimicrob Chemother. 566 

2010;65(12):2518-29. 567 

35. Siguier P, Perochon J, Lestrade L, Mahillon J, Chandler M. ISfinder: the reference 568 

centre for bacterial insertion sequences. Nucleic Acids Res. 2006;34(Database issue):D32-6. 569 

36. Lee S. Katz TG, Shatavia S. Morrison, Jason A.Caravas, Shaokang Zhang, Henk C. 570 

den Bakker, Xiangyu Deng,and Heather A. Carleton. Mashtree: a rapid comparison of whole 571 

genome sequence files. Journal of Open Source Software. 2019;4(44):1762. 572 

37. Tonkin-Hill G, MacAlasdair N, Ruis C, Weimann A, Horesh G, Lees JA, et al. 573 

Producing polished prokaryotic pangenomes with the Panaroo pipeline. Genome Biol. 574 

2020;21(1):180. 575 

38. Xie Z, Tang H. ISEScan: automated identification of insertion sequence elements in 576 

prokaryotic genomes. Bioinformatics. 2017;33(21):3340-7. 577 

39. Moran RA, Holt KE, Hall RM. pCERC3 from a commensal ST95 Escherichia coli: A 578 

ColV virulence-multiresistance plasmid carrying a sul3-associated class 1 integron. Plasmid. 579 

2016;84-85:11-9. 580 

40. Cox KEL, Schildbach JF. Sequence of the R1 plasmid and comparison to F and R100. 581 

Plasmid. 2017;91:53-60. 582 

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

The copyright holder for this preprintthis version posted August 24, 2022. ; https://doi.org/10.1101/2022.08.22.504756doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504756
http://creativecommons.org/licenses/by/4.0/


41. Frost LS, Leplae R, Summers AO, Toussaint A. Mobile genetic elements: the agents 583 

of open source evolution. Nat Rev Microbiol. 2005;3(9):722-32. 584 

42. Tansirichaiya S, Rahman MA, Roberts AP. The Transposon Registry. Mob DNA. 585 

2019;10:40. 586 

43. Matlock W, Chau KK, AbuOun M, Stubberfield E, Barker L, Kavanagh J, et al. 587 

Genomic network analysis of environmental and livestock F-type plasmid populations. ISME 588 

J. 2021;15(8):2322-35. 589 

44. Riley MA, Gordon DM. A survey of Col plasmids in natural isolates of Escherichia 590 

coli and an investigation into the stability of Col-plasmid lineages. J Gen Microbiol. 591 

1992;138(7):1345-52. 592 

45. Ares-Arroyo M, Rocha EPC, Gonzalez-Zorn B. Evolution of ColE1-like plasmids 593 

across gamma-Proteobacteria: From bacteriocin production to antimicrobial resistance. PLoS 594 

Genet. 2021;17(11):e1009919. 595 

46. Moran RA, Hall RM. Analysis of pCERC7, a small antibiotic resistance plasmid from 596 

a commensal ST131 Escherichia coli, defines a diverse group of plasmids that include 597 

various segments adjacent to a multimer resolution site and encode the same NikA relaxase 598 

accessory protein enabling mobilisation. Plasmid. 2017;89:42-8. 599 

47. Lobocka MB, Rose DJ, Plunkett G, 3rd, Rusin M, Samojedny A, Lehnherr H, et al. 600 

Genome of bacteriophage P1. Journal of bacteriology. 2004;186(21):7032-68. 601 

48. Pal C, Asiani K, Arya S, Rensing C, Stekel DJ, Larsson DGJ, et al. Metal Resistance 602 

and Its Association With Antibiotic Resistance. Adv Microb Physiol. 2017;70:261-313. 603 

49. Cheng G, Ning J, Ahmed S, Huang J, Ullah R, An B, et al. Selection and 604 

dissemination of antimicrobial resistance in Agri-food production. Antimicrob Resist Infect 605 

Control. 2019;8:158. 606 

50. Vongdala N, Tran HD, Xuan TD, Teschke R, Khanh TD. Heavy Metal Accumulation 607 

in Water, Soil, and Plants of Municipal Solid Waste Landfill in Vientiane, Laos. Int J Environ 608 

Res Public Health. 2018;16(1). 609 

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

The copyright holder for this preprintthis version posted August 24, 2022. ; https://doi.org/10.1101/2022.08.22.504756doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504756
http://creativecommons.org/licenses/by/4.0/


51. Yang H, Wei SH, Hobman JL, Dodd CER. Antibiotic and Metal Resistance in 610 

Escherichia coli Isolated from Pig Slaughterhouses in the United Kingdom. Antibiotics 611 

(Basel). 2020;9(11). 612 

52. Falgenhauer L, Ghosh H, Guerra B, Yao Y, Fritzenwanker M, Fischer J, et al. 613 

Comparative genome analysis of IncHI2 VIM-1 carbapenemase-encoding plasmids of 614 

Escherichia coli and Salmonella enterica isolated from a livestock farm in Germany. Vet 615 

Microbiol. 2017;200:114-7. 616 

53. Ahmed S, Olsen JE, Herrero-Fresno A. The genetic diversity of commensal 617 

Escherichia coli strains isolated from non-antimicrobial treated pigs varies according to age 618 

group. PLoS One. 2017;12(5):e0178623. 619 

54. Yamaguchi T, Kawahara R, Harada K, Teruya S, Nakayama T, Motooka D, et al. The 620 

presence of colistin resistance gene mcr-1 and -3 in ESBL producing Escherichia coli isolated 621 

from food in Ho Chi Minh City, Vietnam. FEMS Microbiol Lett. 2018;365(11). 622 

55. Rossolini GM, D'Andrea MM, Mugnaioli C. The spread of CTX-M-type extended-623 

spectrum beta-lactamases. Clinical microbiology and infection : the official publication of the 624 

European Society of Clinical Microbiology and Infectious Diseases. 2008;14 Suppl 1:33-41. 625 

56. Harmer CJ, Moran RA, Hall RM. Movement of IS26-associated antibiotic resistance 626 

genes occurs via a translocatable unit that includes a single IS26 and preferentially inserts 627 

adjacent to another IS26. mBio. 2014;5(5):e01801-14. 628 

57. Ford PJ, Avison MB. Evolutionary mapping of the SHV beta-lactamase and evidence 629 

for two separate IS26-dependent blaSHV mobilization events from the Klebsiella 630 

pneumoniae chromosome. J Antimicrob Chemother. 2004;54(1):69-75. 631 

58. Hordijk J, Bosman AB, van Essen-Zandbergen A, Veldman K, Dierikx C, Wagenaar 632 

JA, et al. qnrB19 gene bracketed by IS26 on a 40-kilobase IncR plasmid from an Escherichia 633 

coli isolate from a veal calf. Antimicrob Agents Chemother. 2011;55(1):453-4. 634 

59. Post V, Hall RM. AbaR5, a large multiple-antibiotic resistance region found in 635 

Acinetobacter baumannii. Antimicrob Agents Chemother. 2009;53(6):2667-71. 636 

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

The copyright holder for this preprintthis version posted August 24, 2022. ; https://doi.org/10.1101/2022.08.22.504756doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504756
http://creativecommons.org/licenses/by/4.0/


60. Harmer CJ, Hall RM. IS26-Mediated Formation of Transposons Carrying Antibiotic 637 

Resistance Genes. mSphere. 2016;1(2). 638 

  639 

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

The copyright holder for this preprintthis version posted August 24, 2022. ; https://doi.org/10.1101/2022.08.22.504756doi: bioRxiv preprint 

https://doi.org/10.1101/2022.08.22.504756
http://creativecommons.org/licenses/by/4.0/


Figures and Tables 640 

 641 

 642 

Figure 1 - An overview of plasmid diversity showing plasmid size and AMR gene 643 

carriage (A) and plasmid type within sequence type (B) for all plasmids identified644 
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 645 

 646 

Figure 2 - Diversity within FII-2 plasmid replicon group showing variable 647 

plasmid sizes and resistance genes. A) Annotated FII-2 plasmid group maps 648 
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indicate the location of blaCTX-M and mcr genes. Maroon arrows represent Prokka-649 

annotated genes. All other brightly coloured arrows represent antibiotic resistance 650 

genes. Transposable elements are displayed as brightly coloured boxes. Notable 651 

elements are IS26 (bright green), ISEcp1 (bright pink), Tn1721 (pale blue) and 652 

ISKpn26 (lavender). The plasmid transfer (tra) region is highlighted with an orange 653 

outline. B) IQ-tree of FII-2 plasmids core alignment showing AMR genes and 654 

gene/presence absence matrix. The participant (Pt) and ST of the isolate from 655 

which the plasmid was identified are displayed in different colours. Resistance genes 656 

identified using Abricate (grey = present) are shown alongside the gene 657 

presence/absence profile from Panaroo (royal blue = present). 658 
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 659 

 660 

Figure 3 - Antimicrobial resistance gene carriage diversity by A) ST and B) 661 

within mcr and blaCTX-M co-carriage plasmids. All maroon genes are prokka 662 

annotated genes. All other brightly coloured genes are antibiotic resistance genes. 663 

Transposable elements (e.g. transposons, insertion sequences) are displayed as 664 
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brightly coloured boxes). The plasmid transfer (tra) region is highlighted with an 665 

orange outline.  666 
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 668 

 669 

Figure 4 – IS families present in A) all plasmid types displaying AMR gene 670 

presence/absence and IS linked to B) mcr and blaCTX-M co-carriage plasmids 671 
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