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Highlights  

 The physical location (plasmidome or chromosome) of genes involved in AMR 
and virulence is different in clinical and wastewater isolates. 

 The chromosomal genes associated with virulence and antimicrobial resistance 
are often located on genomic islands.   

 Maintenance of plasmid-borne functions contribute to the success of ST43. 
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Abstract  

Many low-middle income countries in Africa have poorly-developed infectious 

disease monitoring systems. Here, we employed whole genome sequencing (WGS) to 

investigate the presence/absence of antimicrobial resistance (AMR) and virulence-

associated (VA) genes in a collection of clinical and municipal wastewater Escherichia 

coli isolates from Kakamega, west Kenya. We were particularly interested to see 

whether, given the association between infection and water quality, the isolates from 

these geographically-linked environments might display similar genomic signatures. 

Phylogenetic analysis based on the core genes common to all of the isolates revealed 

two broad divisions, corresponding to the commensal/enterotoxigenic E. coli on the one 

hand, and uropathogenic E. coli on the other. Although the clinical and wastewater 

isolates each contained a very similar mean number of antibiotic resistance-encoding 

genes, the clinical isolates were enriched in genes required for in-host survival. 

Furthermore, and although the chromosomally encoded repertoire of these genes was 

similar in all sequenced isolates, the genetic composition of the plasmids from clinical 

and wastewater E. coli was more habitat-specific, with the clinical isolate plasmidome 

enriched in AMR and VA genes. Intriguingly, the plasmid-borne VA genes were often 

duplicates of genes already present on the chromosome, whereas the plasmid-borne 

AMR determinants were more specific. This reinforces the notion that plasmids are a 

primary means by which infection-related AMR and VA-associated genes are acquired 

and disseminated among these strains. 

 

Keywords: Escherichia coli; genomics; antimicrobial resistance; virulence; plasmid; 
genomic islands.  

 

1. Introduction 

Intestinal pathogenic Escherichia coli are the leading bacterial cause of diarrheal 

infection in low-middle income countries (LMICs) (Jafari, et al., 2012). This situation is 

complicated by poorly-developed infectious disease monitoring programs, especially 

with regards to antimicrobial resistance (AMR) and pathogen surveillance (Vernet et al., 
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2014). In many LMICs, the lack of high-quality data frequently leads to inadequate 

treatment guidelines and poor infection management. One potentially transformative 

technology that could help improve pathogen surveillance programs in developing 

countries is whole genome sequencing (WGS) achieved through next generation 

sequencing (NGS) technologies. When coupled with epidemiological and environmental 

investigations, WGS can deliver ultimate resolution for detecting and analysing 

transmission routes and in tracing the source(s) of epidemics and outbreaks (Cao et al., 

2017; Besser et al., 2018; Rantsiou et al., 2018). In addition, WGS offers the unrivalled 

opportunity to monitor the gene content of microbial virulence determinants in isolates, 

and to map the spread of antimicrobial drug resistance determinants (European Centre 

for Disease Prevention and Control, 2018). The technology is also particularly good at 

identifying mobile genetic elements such as plasmids, transposons and integrons, which 

are increasingly recognized as playing a key role in disseminating AMR and virulence 

determinants (Bezuidt et al., 2011).  

 

In the current study, we employed WGS to monitor the genetic structure of E. coli 

recovered from patients visiting a referral health facility and from a nearby wastewater 

treatment plant in Kakamega, western Kenya. Previous studies have shown that the 

wastewater treatment sites in Kakamega are inefficient in controlling or removing 

pathogens from the water-supply system (Malaho et al., 2018). This inefficient 

wastewater treatment may therefore plausibly provide means by which multi-drug 

resistant and/or pathogenic E. coli are disseminated among the local populace. 

Phylogenic relationships between the E. coli isolates associated with nosocomial 

infections and wastewater treatment sites were inferred, and multilocus sequence typing 

of the isolates was performed. This revealed over-representation of one particular 

sequence type (ST 43) in the wastewater and clinical isolates. We also paid particular 

attention to the relative distribution of virulence-associated (VA) genes and antimicrobial 

resistance (AMR) genes on mobile genetic elements. Various VA and AMR genes were 

found in genomic islands (GIs) and plasmids of the sequenced strains. However, 

whereas VA and AMR genes were distributed among the GIs in both clinical and 
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wastewater isolates, there was a marked enrichment of these genes in the plasmid DNA 

borne by the clinical isolates. This suggests that plasmid-mediated horizontal gene 

transfer may play a key role in defining the pathogenicity of these geographically linked 

E. coli isolates.  

 

2. MATERIALS AND METHODS 

2.1. Strains, Isolation, and Culture Conditions 

The E. coli strains from human were recovered from patients being treated at the 

Kakamega County Teaching and Referral Hospital, in western Kenya. Briefly, 

midstream urine specimens were cultured on cystine–lactose–electrolyte-deficient 

(CLED) medium (Hi-Media, India). The wound sample was collected from an abdominal 

surgical wound. Wastewater isolates were recovered from the Masinde Muliro 

University of Science and Technology (MMUST) wastewater treatment plant during the 

period March – June 2016. The wastewater and wound-derived samples were cultured 

on MacConkey agar (Hi-Media, India).  

 

All cultures were incubated overnight at 37oC. Pure (single colony) isolates were 

confirmed as E. coli using API20E biochemical test strips (Biomerieux) following the 

manufacturer’s instructions. The clinical isolates were further subjected to antibiotic 

susceptibility profiling using the Kirby Bauer disc diffusion method against the following 

panel of antibiotics: trimethoprim/sulfamethoxazole, amoxicillin/clavulanate, tetracycline, 

gentamicin, ceftazidime, cefuroxime, cefotaxime, ceftriaxone, meropenem, 

amikacin/cefepime, piperacillin/tazobactam, ampicillin, sulbactam, nitrofurantoin, 

imipenem, and ciprofloxacin. The environmental isolates were tested against 

trimethoprim/sulfamethoxazole, amoxicillin, amoxicillin/clavulanate, gentamicin, 

chloramphenicol, cephalexin, cefuroxime and ciprofloxacin. Escherichia coli ATCC 

25922 was used as a reference for interpretation of the data based on the guidelines 

from the Clinical and Laboratory Standards Institute (CLSI), (2017). Cultures of the 

E. coli isolates were stored at −80oC in trypticase soy broth supplemented with 15% v/v 

glycerol. 
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2.2. DNA sequencing 

WGS was carried out by MicrobesNG (Birmingham, UK). Briefly, a single colony of 

each strain was picked and suspended in 100 µL of sterile 1 × phosphate-buffered 

saline (PBS) (Oxoid, UK). The suspension was spread thickly (using a sterile loop) onto 

a fresh LB-agar plate and incubated at 37oC overnight. Dense colony growth was then 

scraped off and sent to MicrobesNG in supplied bar-coded bead tubes. Sequencing was 

carried out using an Illumina HiSeq 2500 platform, with 2 x 250 bp paired-end reads. 

The reads were trimmed using Trimmomatic v0.30 with a sliding window quality cut-off 

of Q15. Taxonomic classification of the sequences and assessment of sequence 

contamination was done using Kraken (Wood and Salzberg, 2014). The de novo 

assembly of contigs was done using SPAdes version 3.14.0 with default settings.  

 

2.3. Annotation of contigs and prediction of chromosomal or plasmid 

affiliation 

Automated annotation of the contigs was performed using Prokka v1.12. 

Antibiotic resistance genes were predicted using an internet-based algorithm, RGI 

(https://card.mcmaster.ca/analyze) implemented in the Web-service CARD (Alcock et 

al., 2020). Putative virulence-associated genes were identified via BLASTP alignment 

of all translated open reading frames (ORFs) against the sequences of known virulence 

associated proteins (Sarowska et al., 2019). Reference protein sequences were 

obtained from the NCBI GenBank database. To predict the putative plasmid affiliation 

of the assembled contigs, an internet-based program, mlplasmids - version 1.0.0 

(https://sarredondo.shinyapps.io/mlplasmids/) was used (Arredondo-Alonso et al., 

2018) with default parameters. All other contigs were considered as being 

chromosomal in origin. Genomic islands were identified using SeqWord Gene Island 

Sniffer (http://seqword.bi.up.ac.za/sniffer/index.html) (Bezuidt et al., 2009). 

 

2.4. Multi-locus sequence typing 

MLST was carried out using the interactive batch sequence query available at the 

Institute Pasteur E. coli MLST database (https://bigsdb.pasteur.fr/ecoli/) and using the 
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automated interactive MLST CGE Server (https://cge.cbs.dtu.dk/services/MLST/) 

(Larsen et al., 2012). Concatenated chromosomal contigs in FASTA format were 

queried against the MLSTwithMissingData database to predict sequence types based 

on the sequences of eight diagnostic genes: dinB, icdA, pabB, polB, trpA, trpB and 

uidA, which are defined as E. coli MLST marker loci in the EnterBase database (Zhou et 

al., 2020). Sequence types (ST) unambiguously predicted by at least one of the servers 

were recorded.  

 

2.5. Gene ortholog prediction 

Clusters of orthologous genes (COGs) in sequenced genomes were predicted 

using the program OrthoFinder (Emms and Kelly, 2015) with default parameters. 

Sequences of every COG were aligned using the MUSCLE algorithm (Edgars 2004). 

Alignments were quality-controlled and ambiguous parts of the alignments were 

removed using the program Gblocks (Talavera and Castresana, 2007) with the default 

parameter settings. COG alignments were concatenated using BioPython scripts into a 

superstring alignment for further phylogenetic inferences. 

 

2.6. Phylogenetic inferencing and clustering 

Concatenated alignments of COGs were used to infer phylogenetic relations 

between the genome sequences. This was done using a Neighbor-Joining (NJ) 

algorithm with MEGA X and a bootstrap value of 100 (Kumar et al., 2018). For 

clustering of genomic islands (GIs), a distance matrix was built for all GIs, where the 

distance between two GIs, i and j, was calculated according to equation 1: 

 

  Dij = 1 − #shared_genes / min(#GIi genes, #GIj genes) 

 

Eqn. 1. Where, #shared_genes is the number of orthologous genes shared by two GIs, 

and #GIi genes and #GIj genes, respectively, are the total numbers of genes in the first 

and second GIs. A dendrogram of GI clusters was then generated based on the 
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distance matrix using the program neighbor.exe (NJ algorithm) of the PHYLIP 3.69 

package (http://evolution.genetics.washington.edu/phylip.html). 

 

The phylogenetic clustering approach outlined above tends to artificially group 

long plasmids around the root of the dendrogram, as they have a higher chance of 

sharing multiple genes. To circumvent this, phylogenetic clustering of the plasmids was 

done using a binary parsimony algorithm. A table of COGs shared by at least two 

plasmids was generated, with the absence and presence of orthologous genes in each 

plasmid designated by 0 and 1, respectively. This binary table was formatted as an 

input file for the dollo parsimony algorithm (Huson and Steel, 2004) implemented in the 

program dollop.exe of the PHYLIP 3.69 package. Dendrograms were visualized using 

Dendroscope 3 (Huson and Scornavacca, 2012). It should be noted that in both 

aforementioned cases, the dendrograms should not (in stricto sensu) be considered as 

phylogenetic trees but as cladograms.  

 

3. RESULTS 

3.1. Antibiotic resistance of E. coli environmental and clinical isolates 

In total, 23 strains of E. coli were recovered from a referral hospital and a nearby 

municipal wastewater processing plant in western Kenya. The source and pattern of 

antibiotic resistance in each of the strains are shown in Table 1. Nine isolates (denoted 

A, F, H, K, L, N, O, P, Q) were derived from the wastewater source (located ca. 1.5 km 

from the referral hospital) and 14 isolates were obtained from the clinic (denoted E2, E4, 

E7, E8, E10-E15, and E17-E20). Of the clinical isolates, 13 were obtained from patients 

with urinary tract infections, and one (E10) was from a wound. Almost all isolates from 

both the clinical and wastewater sources were resistant to trimethoprim- 

sulfamethoxazole and amoxicillin, and the clinical isolates showed generally greater 

resistance (compared with the wastewater isolates) to co-amoxiclav 

(amoxicillin/clavulanate), ampicillin-sublactam, tetracycline, gentamicin, amikacin, 

cefuroxime, cephalexin, ceftazidime, and ciprofloxacin. The majority of isolates from 

both environments remained resistant to nitrofurantoin and chloramphenicol.  



8 

 

Table 1. Antibiotic resistance profile and origin of the E. coli strains selected for WGS analysis in this 
study. 

 

Key: WW = wastewater; ST = trimethoprim-sulfamethoxazole; A = amoxicillin; AM = amoxicillin 
clavulanate; S = ampicillin-sulbactam; T = tetracycline; N = nitrofurantoin; G = gentamicin; AK = amikacin; 
C = chloramphenicol; CX = cefuroxime; CN = cephalexin; CA = ceftazidime; CP = ciprofloxacin; 
Red = resistant; Green = intermediate or sensitive. 

 

3.2. Phylogenetic relationships between the isolates and MLST assignation 

To study phylogenetic relationships between the E. coli isolates, 2,637 

orthologous genes shared by all the genomes were identified and aligned using 

MUSCLE. We also included a selection of reference strains (as “signposts”) deposited 

in the NCBI. Alignments of the encoded protein sequences were concatenated into a 

“superstring alignment” comprised of 805,265 amino acid residues, and an NJ 

phylogenetic tree was constructed (Figure 1). 
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Fig. 1. An NJ phylogenetic tree of clinical and wastewater E. coli isolates (sequenced in this study) 
compared with a selection of NCBI reference strains. Bootstrap numbers are shown at each intermediate 
split in the tree. The identified MLST of the strains is shown in the corresponding column. The tree divided 
early on into two broad branches, enriched in either commensal/enterotoxigenic E. coli variants (red 
shading), or uropathogenic isolates (blue shading). [Note that in the wastewater isolate K, the icdA was 
fragmented in the contig preventing definitive assignation of a ST for this strain. However, based on the 
sequence profile of the other marker genes in isolate K, it may belong either to ST 735, or ST 910.] 
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The strains segregated in the tree into two broad clades, corresponding to 

commensal/enterotoxigenic E. coli variants (red shading in Figure 1), and 

uropathogenic isolates (blue shading). Although the clinical isolates were roughly 

equally distributed between these two clusters, most of the wastewater isolates fell into 

the commensal/enterotoxigenic variant grouping (red shading). The isolates were 

associated with a diverse range of known MLSTs. Indeed, the only ST represented by 

more than a single isolate was ST 43, which was associated with a phylogenetic cluster 

comprising three clinical isolates and two wastewater isolates, as well as the 

uropathogenic E. coli strain NA114. ST 43 is widely distributed around the world, and of 

the 91 recorded ST 43 strains in the Institute Pasteur E. coli MLST database, 9 are 

clinical uropathogenic isolates. It is also noteworthy that although ST 131 is widely 

reported as one of the most common clinical E. coli isolates worldwide (Pitout and 

Laupland, 2008; Nicolas-Chanoine et al., 2014), there were no representatives of this 

ST among the E. coli strains we examined. Conversely, our collection also included 

several strains with STs not yet recorded in the E. coli MLST database. For example, 

the uropathogenic isolate, E8, possessed unique combinations of variants in the 

sequences of all marker genes except uidA, indicating that E8 likely represents a 

completely new ST of E. coli.  

 

3.3. Distribution of antibiotic resistance and virulence-associated genes  

The WGS data for all of the isolates indicated that they encode numerous 

multidrug efflux pumps (including mdlAB, mdtABCD, mdtIJ, mdtK, mdtEF, acrAB-acrD-

acrEF, cmr, yddA, yojI, yjiO, emrAB, emrD, emrKY, and hsrA) and a selection of known 

antibiotic resistance genes, including rarD and cmlA for chloramphenicol resistance, 

and the β-lactamases, ampH, ampC, blr. AMR-genes were searched by the program 

CARD_RGI looking for similarities of protein sequences with records of it’s own 

comprehensive database of AMR-proteins (Alcock et al., 2020). A summary of the 

antibiotic resistance genes identified by CARD-RGI in each isolate is shown in Table 2. 

Interestingly, the mean number of all classes of AMR-associated genes was similar in 

both the wastewater and clinical isolates.  
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Table 2. Antibiotic resistance gene distribution in the chromosomal DNA of the indicated sequenced 
isolates. The numbers in each column represent the number of genes encoding the indicated antibiotic 
resistance mechanism identified in each isolate. 

 
a This column combines all other types of AMR genes including known transcriptional regulators of drug 

resistance response, antibiotic-modifying enzymes and uncharacterized drug resistance proteins. 
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Table 3. Known virulence determinants in the sequenced isolates. Black cells = presence of gene, white 

cells = absence of gene. BLASTP cutoff values for assignment of gene presence/absence were 0.0001. 

 

 

The genome sequences of the isolates also contained multiple genes known to 

be associated with virulence. Sarowska et al. (2019) listed several key groups of 

virulence factors frequently found in pathogenic E. coli isolates, including several 

classes of adhesins, siderophores, toxins and proteins important for intracellular survival 

of pathogens, colonization of non-GI tract tissues, and immune system avoidance. A 

summary of distribution of virulence-associated determinants in the isolates studied 
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here is shown in Table 3. The data indicate an enrichment of genes associated with 

survival in the host among the clinical isolates including virulence-associated 

siderophores of five classes, aer, iuc, irp, iron and sit, which were present on the 

chromosomes of all the sequenced isolates. In several cases, additional copies of these 

siderophore genes were also found on plasmids (see Figure 3 and discussion below).  

 

Fig. 2. Clustering of GIs based on gene content using an NJ algorithm (in turn, based on the distance 
matrix given in Eq. 1). A single line radiating from the center to the edge of the cladogram indicates a GI 
in a specific isolate. Branched radiating lines indicate diversification of a GI present in multiple isolates. 
The clustered GIs were further interrogated to identify AMR and virulence-associated genes using 
BLASTP. Groups of GIs containing known AMR and virulence-associated genes are shown red. GIs with 
the blue light- and temperature-regulated genes are shown blue. 



14 

 

3.4. Genomic islands and the distribution of drug resistance and virulence-

associated genes 

We next examined the genomic context of the AMR and virulence-associated 

(VA) genes i.e., are these genes located in the conserved “core chromosome”, or are 

they associated with the variable “accessory” genome (GIs and plasmids)? The genome 

sequences of all the isolates contained multiple horizontally-acquired GIs, including 

prophages, transposable elements and integrons. The GIs were clustered based on the 

“shared gene” algorithm in Eqn 1. We then further interrogated each resulting GI cluster 

for its AMR and VA gene content (Figure 2). 

 

Although the gene content of GIs was generally highly variable, this clustering 

approach revealed some intriguing genetic conservation. In the left-top corner of the 

cladogram (Figure 2), there is a clutch of individual GIs bearing several VA genes. For 

example, the small multidrug resistance efflux transporter emrE is located on a GI found 

only in environmental isolate F, whereas the cell invasion gene ibeB, along with several 

genes conferring resistance to copper (collectively named “copR” in the figure) and a 

multidrug resistance gene (emrK) were found in two GIs from isolate E19. Clockwise 

from these, there is a cluster of five highly similar GIs found in isolates F, K, L, E17 and 

E20, which bear genes for arsenate resistance (collectively named arsR in the figure) 

and the mdtEF multidrug efflux operon. Another individual GI found in isolate E9 

contains the multiple stress resistance gene, bhsA. A large group of 13 GIs from both 

clinical and environmental isolates contains an operon encoding fimbria-like genes 

(yadCKLMN and ecpD), which are known to function as virulence-associated adhesins 

in enterohaemorrhagic and uropathogenic E. coli (Spurbeck et al., 2011; Chingcuanco 

et al., 2012; Stacy et al., 2014). Within this group, seven GIs from isolates N, E7, E9, 

E13, E14, E16 and E19 form a distinct sub-cluster possessing the daunorubicin/ 

doxorubicin resistance-associated gene, drrA. Four GIs from the genome sequences of 

isolates P, Q, E2 and E10 contain virulence-associated toxin-encoding genes, including 

sat, vat and pic, together with a virulence regulon transcriptional activator-encoding 

gene, virF. Eight GIs from isolates K, L, E4, E7, E11, E16 and E20 contain the 
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ygiLGHIJK operon, which encodes another set of virulence-associated fimbria-like 

proteins (Spurbeck et al., 2011). A very large group of 23 GIs, which were shared many 

of the sequenced isolates, comprises additional fimbria-encoding genes, afa, fim and 

pap. The E. coli fimbrial protein YehB is responsible for adhesion to abiotic surfaces 

(Ravan and Amandadi, 2015) and as such may contribute to the dissemination of 

nosocomial infections in hospitals, and possibly, also survival in the environment. This 

gene was found in eight GIs from isolates F, K, O, E4, E11, E13, E19 and E20. Another 

adhesion gene, flu (agn43), in combination with a persistence and stress-resistance 

toxin-antitoxin system, pasTI, was present in seven GIs from isolates H, E7, E11, E14, 

E16, E19 and E20. Twelve GIs from isolates H, O, K, E7, E8, E11, E13, E14, E15, E16, 

E17 and E20 carry the multidrug resistance operon, emrYK, and six GIs from 

environmental isolates A, H, N, O, P and Q encode a colanic acid biosynthetic pathway. 

Colanic acid is a capsular carbohydrate of uropathogenic bacteria and is known to be 

important for biofilm formation (Prigent‐Combaret et al., 2000; Hanna et al., 2003). A 

short operon, rfaPY, which encodes a pair of lipopolysaccharide core heptose kinases (I 

and II), was found in 21 GIs. These genes may encode potential virulence factors, since 

the activation of heptose precursors is used in the biosynthesis of lipopolysaccharides 

(LPS), and LPS is known to contribute towards the pathogenicity of enterotoxigenic 

E. coli (Maigaard Hermansen et al., 2018). Interestingly, orthologues of the sat and vat 

toxins mentioned above are encoded on another group of four GIs from isolates E10, 

E11, E14 and E18. We note that isolate E10 also encodes sat and vat on a different GI. 

An increased copy number of these genes may influence the virulence of this strain 

(Elliot et al., 2013; Slager and Veening, 2016). Similarly, we also noted that the invasin, 

ipaB, was distributed between nine GIs which segregated into two distinct clusters 

(Venkatesan et al., 1988). The smaller of these clusters contains GIs from isolates E4, 

E8 and E19, whereas the larger one comprises GIs from E2, E8, E10, E14, E18 and 

E19. Once again, we noted that two of the isolates (E8 and E19) carried paralogous 

copies of ipaB in two separate GIs. Nine GIs from isolates H, K, L, E7, E8, E13, E16, 

E19 and E20 carry a large operon encoding a type III secretion system (Tree et al., 

2009). The anti-phagocytosis factor-encoding gene, neuA, was found in three related 
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GIs from isolates P, Q and E17. Three GIs from isolates E4, E8 and E19 carried a 

multidrug resistance gene, mdtL, and a chloramphenicol resistance gene cmlA. A group 

of 12 large GIs contained a polypeptide synthase gene (irp) encoding the siderophore, 

yersiniabactin. Host organisms often sequester iron to inhibit the growth of pathogens. 

Consequently, iron acquisition systems are often considered to be virulence factor/ 

survival mechanisms associated with pathogenicity (Skaar 2010). Several other 

virulence-associated siderophores are involved in iron scavenging and transportation. 

The genes encoding the synthesis and transport of these siderophores were abundant 

in the isolates (Table 2). Orthologues of the multidrug resistance-associated gene, 

mdtN, were also found in two loosely clustered GIs from isolates E8 and E9. The same 

GI from E9 carries also another siderophore (aerobactin) encoding gene, aer. Finally, a 

group of 16 GIs contains several regulatory genes including the blue light- and 

temperature-regulated anti-repressor bluF. BluF is light and temperature sensing 

protein, which regulates biofilm formation (Tschowri et al., 2009). While it is not 

considered as a virulence factor, it may influence the survival of bacteria in the 

environment. These GIs were found in both the environmental and clinical samples 

(specifically, isolates A, F, L, P, Q, E2, E4, E7, E10, E11, E14, E16, E17, E19 and E20). 

Notably, in the genome of isolate E2, this GI was duplicated. 

 

Not all virulence genes were associated with specific clusters of GIs. For 

example, the major fimbrial subunit gene lpfA, which influences epithelial cell invasion 

by mastitis-associated E. coli (Dogan et al., 2012), was found in seven unrelated GIs 

from clinical isolates E4, E9, E11, E13, E14, E15 and E20. We also noted that many 

GIs were enriched in genes encoding phage-related proteins and integrases 

(suggesting the likely mode of horizontal transmission), and many others also encoded 

metabolic enzymes and transmembrane transporters. It is possible that these cargo 

genes are involved in adaptation to specific environments, and may indirectly impact on 

virulence, AMR or survival in the face of environmental challenges.  
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Fig. 3. Dollo parsimony clustering of plasmid contigs by presence/absence of shared homologous genes 

identified by a reciprocal BLASTP alignment. In line with the end-node titles, total numbers of 

antimicrobial resistance (AMR) genes are shown in bold followed by numbers per categories of β-

lactamases (BL), efflux pumps (EP) and other categories of drug resistance genes. A list of the encoded 

virulence-associated (VA) genes is shown in the adjacent column. VA genes found on the plasmid-born 

contigs are: aer – siderophore; afa – Afa-like afimbrial adhesins; dra – Dra-like surface-exposed fimbria 

associated proteins common in uropathogenic E. coli; fim – type I fimbria proteins; foc – Foc-like adhesins 

to intestinal epithelial cells; hly – hemolysin transport protein creating pores in host cell membranes; iha – 

iron-regulated adhesin; iron – siderophore receptor; irp – yersiniabactin siderophore synthesis protein; 

mat – meningitis associated and temperature regulated fimbriae; pap – pilin, colonization factor in 

extraintestinal infections stimulating the production of cytokines by T lymphocytes; pic – mucin degrading 

serine protease; sat – serine protease autotransporter toxin; sfa – Sfa-like adhesins to intestinal epithelial 

cells; sit – Sit-like iron transmembrane transporters; traT – phagocytosis inhibitor; vat – vacuolating 

autotransporter toxin. 
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3.5. Role of plasmids in distribution of drug resistance and virulence 

associated genes 

Predicted plasmid-borne contigs were identified in the assemblies from all of the 

isolates. These contigs contained between 4 coding sequences (CDS) in E8 up to 288 

CDS in E11. It should be noted that assembly of plasmid contigs is problematic due to a 

higher level of sequence variability in these regions. Therefore, we note that the 

obtained contigs may not represent whole sequences of the plasmids in the studied 

isolates. Grouping of concatenated plasmid-born contigs from different isolates based 

on shared homologous genes is shown in Figure 3. This figure also summarizes the 

numbers of AMR and VA genes found in these contigs.  

 

It is immediately clear from inspection of the data in Figure 3 that the plasmid-

borne DNA from clinical isolates is enriched in AMR and VA genes compared with the 

wastewater isolates. Indeed, the plasmids from environmental isolates A, H, K, F, and L 

encoded no virulence-associated genes and only one or no AMR determinants. 

Exceptions to this trend included plasmids from the environmental isolates P and Q, 

which contained multiple AMR and VA genes, whereas the largest plasmid-associated 

contig in the dataset (from clinical isolate E8) contained no AMR or virulence 

determinants. The largest number of AMR determinants was identified in the plasmid 

DNA from E17, E18, E11 and E9, with the highest number of virulence-associated 

genes found in the plasmid from isolate E14. Interestingly, the plasmid-borne virulence-

associated genes were often duplicates of genes already present on the chromosome, 

whereas the plasmid-borne AMR determinants were more specific. 

 

4. DISCUSSION 

In this study, we found that clinical and wastewater isolates possessed similar 

overall numbers of chromosomally encoded AMR and VA genes, irrespective of their 

origin (Table 2 and Table 3). However, the clinical isolates displayed an enrichment of 

AMR and VA genes in their plasmidome. Of note, a number of these genes were 

present in multiple paralogous copies (either on the chromosome, in GIs, or on 
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plasmids). Gene duplication is a key driver of functional diversification and is also a 

facile means of increasing gene expression through increased copy number (Elliot et 

al., 2013; Slager and Veening, 2016).  In bacteria, there are several examples of genes 

encoding basic metabolic functions being present in two copies, with one copy on the 

chromosome and the other on a plasmid (Zheng et al., 2015). Our observation, that 

plasmids from the clinical isolates were enriched in AMR and VA genes indicates that 

these mobile elements may play a key role in pathogenicity. The plasmids associated 

with environmental isolates P and Q were exceptions to this general trend, since these 

were enriched with AMR and virulence-associated genes. Isolates P and Q are notable 

since they are phylogenetically related to the clinical isolates E2, E10 and E18, and all 

five isolates belonging to the uropathogenic ST 43 (Figure 1). There may be two non-

exclusive explanations for this observation. First, P and Q may be disseminated “clinical 

isolates” that just happen to have been captured in the local watershed following e.g., 

human discharge activities. Alternatively, these particular plasmids may confer a fitness 

advantage in the wastewater environment. The factors increasing the survival of these 

uropathogenic strains may include the presence of colanic acid biosynthetic genes and 

the light- and temperature-sensing anti-repressor, bluF. These genes have been shown 

to play an important role in the modulation of biofilm formation (Prigent‐Combaret et al., 

2000; Hanna et al., 2003; Tschowri et al., 2009) and therefore confer a potential 

advantage to ST 43 for survival in both non-host and host environments. 

 

Collectively, our data suggest that plasmid-borne functions confer an advantage 

to E. coli in terms of infection and/or withstanding exposure to the antimicrobials 

commonly used to treat these infections. At the same time, these genes presumably 

confer a significant burden on bacterial growth and replicative potential during transit 

through the environment. Consequently, when not infecting a host, there is likely a 

selection pressure on bacterial populations to lose these plasmid-borne genes. This 

presumably generates a drive towards redistributing the encoded functions from the 

plasmid to the chromosome, which may be another reason why we see apparently 
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multiple paralogous copies of some genes (Andersson and Hughes, 2010; Kussell, 

2013; Melnyk et al., 2015).  

 

In conclusion, our data confirm and extend previous reports indicating the high 

genomic diversity of E. coli in humans from tropical areas (Escobar-Páramoet al 2004; 

Richter et al., 2018), and furthermore, implicate plasmids as a key driver of AMR and 

VA gene dissemination, especially among clinical isolates. Although plasmids come with 

an intrinsic fitness cost associated with their replication, we noted that in some 

circumstances (e.g., the isolates of ST 43) plasmid-borne AMR and VA genes were also 

associated with the environmental isolates. This ability to maintain plasmid-borne 

functions outside the host may contribute towards the global success of this sequence 

type.  
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