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Abstract 
Urinary Tract Infections (UTIs) are among one of the most common infections in women, with 
uropathogenic E. coli (UPEC) being involved in 80% of cases. In addition, E. coli exhibits an in-
creasing resistance to broad spectrum antimicrobial agents as well as the subsequent generations 
of these drugs. The genetic diversity and antibiotic resistance patterns of both clinical and envi-
ronmental E. coli isolates were studied to predict the potential of transmission of organisms and 
genes for antibiotic resistance from three different major eco-habitats including the gut of iguanas’ 
fresh and marine waters and the human urinary tract. (GTG)5 and BOX-PCR extragenic DNA fin-
gerprinting allowed for the tracking of the relatedness of four different ecotype groups. Both DNA 
fingerprinting methods targeted non-protein coding or exogenous palindromic DNA and demon-
strated shared origin and intraspecies level of genomic diversity within the population of the 
studied bacteria. DNA fingerprinting based on BOX-PCR was less discriminating than the (GTG)5- 
PCR, and produced five major clades. BOX-PCR analysis indicated that 44% of the UTI E. coli iso-
lates was comprised within a single clade, therefore it correlated better with ecotype distribution. 
The (GTG)5 PCR based co-clustering analysis showed that the clinical isolates appeared to have a 
closer relationship to iguana E. coli isolates than to the fresh and marine water isolates. However, 
in accordance with the BOX PCR co-clustering analysis, the clinical isolates were most similar to 
the marine water isolates, followed by the freshwater and iguana E. coli isolates. Seventy two per-
cent of antibiotic resistance patterns were shared by the UTI strains with E. coli isolated from 
freshwater, followed by iguana. 
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1. Introduction 
Although E. coli is typically non-pathogenic, some serotypes may play a significant role in intestinal and ure-
thral diseases, which can be linked to the variety of virulence factors it possesses such as Pili type 1, exopoly-
saccharides, and hemolysins [1]-[4]. The spread of pathogenic bacteria that are resistant to certain antibiotics 
constitutes a growing threat to public health. Annually eight million cases of Urinary Tract Infections (UTIs) are 
recorded in the United States and over 150 million worldwide. Uropathogenic Escherichia coli is the most 
prominent pathogenic agent resulting in over 80% of UTI infections [5] [6]. In addition, E. coli exhibits an in-
creasing resistance to broad spectrum antimicrobial agents as well as the subsequent generations of these drugs 
[7]-[10]. 

The genetic diversity and genome plasticity of E. coli contributes to it pathogenicity, virulence and adaptation 
[11]. Within a group of clonal populations, a diverse genetic makeup may replicate [12]. Some human hosts dis-
play the dominant UPEC strain in both their urine and feces, which are the same throughout all three recurrent 
UTIs, while other hosts exhibit different E. coli clonal adaptation through the recurrent infections [13]. E. coli 
demonstrated diversity among the different strains in different ecological settings [9]. 

Enterobacteriaceae are found in a variety of natural habitats including the soil, meats, fruits, waters, vegeta-
bles, animals and plants. The research conducted on uropathogenic E. coli showed that it generally originates-
from the intestinal and rectal biota and enters the bladder through the urethra. There was an observed trade-off 
of fitness to microbial succession from human urethra to human gut originated strains in re-current UTIs [1]. 
Manges et al. [14] showed that ExPEC E. coli was genetically related to E. coli isolated from chicken retail meat. 
Dissemination of antibiotic resistant Enterococcus spp. and E. coli from wild birds of Azores Archipelago was 
shown [15]. In Grenada, the iguana is a common food source and known carrier of E. coli [16]. However, most 
of the natural reservoirs of the UTI E. coli are still unknown. It is hypothesized that E. coli from environmental 
sources such as iguana meat, fresh water and coastal sea water is genetically related or identical to clinical iso-
lates of E. coli.  

The goal of this study is to identify the genomic elements that can contribute to the diversification and evolu-
tion of different species of E. coli and also to create a culture collection of E. coli from variable sources includ-
ing urine from patients presenting with symptoms of UTI at St. George’s University (SGU) Clinic, iguanas 
tested at the SGU Small Animal Hospital, coastal seawaters and tropical river freshwater samples collected by 
the SGU Environmental Testing Unit, all on the southern Windward Island of Grenada in West Indies. The 
phenotypically identified E. coli isolated from the urine of UTI patients in Grenada was DNA barcoded and sta-
tistically compared to the DNA barcodes of environmental isolates of iguana, fresh and marine waters. The 
DNA barcode variation of clinical and environmental strains was compared to the genomic variations of those 
isolates. Finally, the antibiotic resistance patterns within the culture collections were analysed and compared. 

2. Materials and Methods 
2.1. Culture Isolation and Confirmation 
Eighty-five E. coli strains were isolated using double streak plating on eosin methylene blue (EMB) agar (Le-
vine) and Maconkey agar from IRB approved de-identified human urine (25) (Collected over a period of Spring 
2005-Spring 2014), iguana (39) (collected in Spring 2013), fresh (11) (Collected in Fall 2013) and marine wa-
ters (10) (Collected during the period of Fall 2008 and Spring 2010) in Grenada. Pure cultures of E. coli were 
obtained by the transfer of single colony using two successive streak plates [17]. This was achieved by streaking 
the gas producing lactose broth (LB) inoculated with a sample onto an EMB agar plate and incubated at 37˚C for 
18 - 24 hours [18] [19]. To achieve this, samples were inoculated into lactose broth and all tubes were incubated 
in a shaker bath at 37˚C for 18 - 24 hours. The LB medium tube showing positive growth and carbon dioxide 
gas as a result of fermentation of lactose within the inverted Durham tubes, were indicative of possible E. coli 
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isolates. Samples were then taken from these tubes and streaked onto EMB agar. Each colony of possible E. coli 
isolates that presented as shiny metallic green on EMB agar was isolated and re-streaked onto MacConkey agar. 
Colonies that produced pink colonies with a pink halo around them was deemed indicative of possible E. coli. 
UTI strains were isolated from the urine of the patients that were admitted to the St. Georges University clinic 
and presented with symptoms of UTI during the study period. Iguana isolates were collected from living iguanas 
coats as well as freshwater and marine water from 9 Grenadian parishes [20]. 

To differentiate E. coli from other Enterobacteriaceae multiple differential tests were used for the preliminary 
confirmation of the isolates, including the citrate test, the Triple Sugar Iron (TSI) slant, Sulfite Indole Motility 
(SIM) and indole test. Alkaline carbonates and bicarbonates are produced when citrate is used as a carbon 
source [21].The TSI test differentiates E. coli based on their fermentation of lactose, glucose and sucrose as well 
as on the production of Hydrogen Sulphide [22]. Sulfite Indole Motility (SIM) medium is a semisolid agar that 
is used to determine hydrogen sulfide (H2S) production, indole formation, and motility. The development of a 
red color after the addition of Kovács reagent indicates indole production from tryptophan. The result of a black 
precipitate is an indication of Ferrous Sulfide (FeS) production [22]. Final confirmation of E. coli was per-
formed using the BioMerux API20E strips (www.biomerieux.com). 

All positively confirmed strains produced small, dark colonies with a green metallic sheen on the OXOID Le-
vine EMB agar and small red colonies on the BBL MacConkey’s Agar. E. coli (ATCC 25922) was used as the 
control in all confirmation tests. 

2.2. Deoxyribonucleic Acid (DNA) Extraction  
Genomic DNA was extracted from individual pure cultures of E. coli using GenEluteTM Bacterial Genomic 
DNA Kit (Cat. # NA2120-1KT) (SIGMA-ALDRICH). The starting product was a single colony of each identi-
fied E. coli isolate from the re-streaked EMB/MAC plates that was inoculated in lactose broth and incubated in a 
shaker bath at 37˚C for 18 - 24 hours. The purity and concentration of the yield DNA was verified by Thermo 
Scientific NanoDrop 2000 Spectrophotometer. The DNA aliquots were stored at 2˚C - 8˚C for short term storage 
(less than 30 days), and then transferred to −80˚C for a long-term. Utilizing the Nanodrop the isolate’s DNA 
concentrations were standardized to 11.3 ng/µl for each isolate. 

2.3. DNA Barcoding 
The isolates were compared using a combination of (GTG)5 PCR and BOX-PCR extragenic DNA fingerprinting. 
BOX-PCR (primer, BOX A1R); and (GTG)5-PCR (primer (GTG)5), are commonly used for genotyping of dif-
ferent E. coli strains [23] [24].  

2.4. PCR Protocol 
All PCR reactions were performed utilising Pre and Post-PCR rooms which were disinfected with 75% ethanol 
and 10% bleach and Stratagene Agilent Mx3005P Thermal cycler. All biological materials were disposed into 
the appropriate biohazard containers after autoclaving. 

The Rep-PCR amplification was performed in accordance with the previously described method by Versa-
lovic et al 1994 [23] [25]. The reaction mixtures (25 µL) used for BOX-PCR and (GTG)5-PCR were prepared 
using 50 ng template DNA, 2 µM primers and 12.5 µL EmeraldAmp GT PCR Master Mix (Takara, # RR 310 B). 
The positive control used was the Escherichia coli ATCC 25922. The PCR amplification was performed using 
following thermal cycling program: denaturation for 2 mins at 95˚C, 30 cycles of annealing consisting of 3 sec 
at 94˚C, 30 sec at 92˚C, 1 min at 40˚C, and 8 min at 65˚C, followed by extension for 8 min at 65˚C. 

2.5. Gel Electrophoresis 
Species or strain DNA specific patterns were obtained utilizing separation of the DNA resulting from the PCR 
reactions by using 1.5% agarose gel electrophoresis at 105 V for 4 hours and 20 minutes. The agarose gel was 
prepared by adding 1.8 g of Ultra-Pure TM Agarose (#15510 - 019, Invitrogen, Carlsbad, Ca, USA) to 120 ml of 
1x TBE EDTA buffer. Fifty millilitres of molten agarose were poured into the electrophoresis tray to create a 
0.5 cm thick gel. The gel comb was inserted to create 20 wells in the gel. The running chamber of the Thermo 
Scientific™ Owl™ Easy Cast™ B2 Mini Gel Electrophoresis Systems was filled with 800 ml 1X TBE buffer to 
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the electrophoresis kit until the liquid covered the gel completely. Five microliters (5 µl) of GeneRuler 1 kbp 
DNA Ladder, Ready- to-use, 75 - 20,000 bp. (#, FERSM1333, Fermentas USA) was mixed with 1 µl 6X loading 
dye and 5 µl of was loaded in lane 1 of the gel. Five microliters (5 µl) of each standardized PCR-product DNA 
samples were loaded into each well. The control of E. coli ATCC strain was loaded into each gel as an internal 
normalization control. The gel was then stained by soaking in 800 ml of 1.0 µg/ml Ethidium Bromide (EtBr) for 
45 minutes. The gel was then de-stained by soaking in 800 ml distilled water for 10 minutes. The gels were 
visualized by using a UVP UV Transilluminator and the resulting image was documented using Olympus Tough 
TG-830 iHS camera. 

The DNA barcode of each isolate were compared using a combination of (GTG)5 PCR and BOX-PCR ex-
tragenic DNA fingerprintingon agarose gels. DNA amplicons that originated from different gels were manually 
normalized against E. coli K12 (ATCC 25922) using Microsoft Excel 2013 as the E. coli K12PCR replication 
product was used as an internal control during each gel DNA band separation.  

2.6. Phylogenetic Analysis 
Cluster analysis was performed using UPGMA (Unweighted Pair Group Method with Arithmetic Mean) as the 
clustering algorithm and Pearson product-moment correlation coefficient. This was performed using Dendro 
UPGMA: a dendrogram construction utility [26] http://genomes.urv.cat/UPGMA/index.php?entrada=Example2. 
The Pearson coefficient was selected and submitted and the output dendrogram in Phylip format was then ex-
ported into FigTreeTM version 1.4.2 [27] and visualized. 

2.7. Statistical Analysis of DNA Patterns 
The strains were grouped into the four ecotypes in accordance with the source of isolation and designated as 
Clinical (C), Iguana (I), Marine (M) and Freshwater (F). Distribution of ecotypes of E. coli among the established 
REP phylotypes was calculated using the number of strains that belonged to an ecotype per clade against the to-
tal number of strains per ecotype. The differences in proportion and distribution of the fragments were assessed 
using the Pearson’s coefficient. Co-clustering and cluster dominance analysis of strains were performed using 
dendrograms based on (GTG)5 and Box analysis. 

Quantification of the number of strains co-clustering between their own phylotype or clade will hereon be re-
ferred to as co-clustering analysis and was assumed that the co-clustered strains were genetically related. Co- 
clustering of the most closely related pairs which belong to the same phylotype was analyzed under assumption 
that those isolates appeared to be evolutionary related to each other as a result of the high variation of non-cod- 
ing DNA which has been targeted by this analysis.  

Clade dominance distribution among the phylotypes was calculated using the number of each ecotype in the 
clade against the total number of isolates in the clade. 

Correlation analysis between the numbers of bands observed per isolate in the DNA fingerprint and the num-
ber of antibiotic resistances was performed using correlation analysis in MicrosoftEXCEL 2013. 

2.8. Genomic Variation  
The full genomic statistical data for 1194 of E. coli strains isolated from clinical and non-clinical sources were 
downloaded from the publicly available IMG JGI Department of Energy Institute Database (https://img.jgi.doe.gov) 
and analysed. Variants for each genomic element identified were compared after separating the genomes to 
clinical and environmental groups of E. coli by their origin. 

2.9. Antibiotic Resistance 
After the inoculation of each plate six different antimicrobial disks were placed onto the plate surface, using the 
6-place stamping disks dispenser (BBL™ Sensi-Disc™, USA. Cat#. 260661) as described by [28] [29]. The 
dispenser was loaded with six antimicrobial cartridges each containing the individual antimicrobial disks and 
placed onto the inoculated plate following the manufacturer’s instruction (BD BBLTM, 2006). After the disks 
were placed onto the plate, the plate was covered, inverted, and incubated for 18 to 24 hours [28]. The diameters 
of the complete zones of inhibition were measured to the nearest millimeter using a standard measuring ruler as 
described by [28] [29]. The zone diameters of the duplicates and their averages were recorded and used to de-
termine whether the organism was resistant (R), intermediate (I), or susceptible (S), to the tested antimicrobial 

http://genomes.urv.cat/UPGMA/index.php?entrada=Example2
https://img.jgi.doe.gov/
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based on the zone diameter interpretive chart provided by the BD BBL TM Sensi-Disc Antimicrobial Suscepti-
bility Test Discs, adapted from the CLSI (BD BBLTM, 2007a). 

2.10. Statistical Analysis of Resistance Patterns 
Multidrug resistance was calculated as resistance to 2 or more antibiotics. The percentage of isolates that exhibit 
Multidrug Resistance (MDR) and Single Drug Resistance (SDR) was calculated as the number of those that 
were multidrug resistant against the total number of ecotype isolates. The percentage of the ecotypes that dem-
onstrated resistance or intermediate resistance per antibiotic tested was achieved by using the total number of 
ecotypes demonstrating resistance or intermediate resistance per antibiotic against the total number of strains in 
the ecotype. 

To observe the similarity or dissimilarity of the antibiotic patterns observed per ecotype the t-test using the 
diameter of the zone of clearance per antibiotic per ecotype analyzed against the zone of clearance of the same 
antibiotic in a different ecotype. The dissimilarity of the antibiotic resistance patterns observed between each 
ecotype was calculated as a percentage utilizing the number of antibiotics that were deemed insignificant (p < 
0.05) against the total number of antibiotics observed with those ecotypes. 

To observe the similarity or dissimilarity of the antibiotic patterns observed per ecotype to their DNA profiles 
the correlation analysis was utilized. StatisticaTM data analysis software was used [30]. 

2.11. Statement of the SGU IRB Approval of the Study 
The study was reviewed and approved by the St. Georges University Institutional Review Board, which indi-
cated that material relating to human investigations and animal experiments conforms to standards currently ap-
plied in the country of Grenada where the study has been performed. 

3. Results 
All isolates included in the DNA fingerprinting analysis were represented by pure cultures and were confirmed 
to possess phenotypes of E. coli in accordance with the criteria described above. The isolates which did not pre-
sent the phenotype of E. coli were excluded from the consequent analysis. 

In compliance with Dendro UPGMA comparison of DNA fingerprints based on the Pearson’s coefficient, and 
co-clustering analysis it was found that 52% (GTG)5 and 44% (BOX) of clinical UTI E. coli isolates were re-
lated to iguana E. coli isolates, in accordance with Figure 1 and Figure 2, respectively. Freshwater isolates 
shared (GTG)5 DNA marker based patterns with marine E. coli and UPEC (Table 1). The (GTG)5 DNA markers 
of wild green iguana isolates were similar to E. coli from UTI urines and from freshwater. The BOX DNA 
markers of E. coli isolated from both fresh and marine waters were related to UPEC. 

The BOX dominance analysis demonstrated that there was similarity in the DNA fingerprints between the 
clinical and marine waters isolates (Figure 2). 

The analysis showed that the majority (28%) of UTI E. coli was comprised within clade 1 (Figure 2). The 
remaining strains were distributed throughout five other major phylotypes. Remarkably, clinical UTI isolates 
were present in all 7 clades, indicating a potential relatedness to the isolates from natural habitats. Most of them 
were distributed among clades AI-1, AII-4 and BII-7. Iguana isolates dominated AI-1, AI-2 and BI-5 and were 
absent only in clade BII-6. Most of Freshwater isolates were in the cluster AI-1, which comprised majority of 
clinical, iguana and marine isolates, therefore nominated as the most common clade representing Grenadian E. 
coli and were absent in cladesAI-2, AII-3and BI-6. 

The isolates from the fresh water ecotype grouped with another fresh water isolate on the nearest adjacent leaf 
of the Dendrogram tree twice (2 isolates). In total the ecotype to ecotype grouping was 36 of the total 83 isolates 
(43.4%). 

The BOX DNA fingerprinting demonstrated two major groups: group A and group B (Figure 2). Group B 
subsequently branched off into B1 and B2. Clade A branched off into 2 subgroups: a small subgroup called A2 
and a larger subgroup called A1. Eventually A1 evolved into 2 more subgroups called X and Y. The strains were 
distributed throughout five major phylotypes. 

The analysis showed that the majority of the UTI E. coli isolates were comprised within clades: A1-X (52%), 
A1-Y (44%) and B2. Clinical UTI isolates were present in only 3 out of 5 clades, thus they were more closely 
related to another clinical stains, rather than to marine water, iguana or fresh water E. coli isolates. 
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Figure 1. Unrooted neighbor joining dendrogram based on (GTG)5 analysis. Major clades: Clade A 
(pink) and Clade B (grey-hued purple). AI (peach), AII (light yellow), 1 (light green), 2 (golden yel-
low), 3 (teal), 4 (bright pink), BI (light blue), BII (purple), 5 (moss green), 6 (red), 7 (bright green), 8 
(blue). Ecotypes: iguana (black), marine isolates (blue), clinical isolates (red), fresh water isolates 
(green). 

 

 
Figure 2. Unrooted neighbour joining dendrogram based on BOX PCR. Major clades: Clade A (light 
purple) and Clade B (light peach). Minor clades: A1-X (pink), A1-Y (red), A2 (teal), B1 (green), B2 
(yellow). Ecotypes: iguana (black), marine isolates (blue), clinical isolates (red), fresh water isolates 
(green). 
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3.1. Co-Clustering Analysis of Closely Related Pairs 
The (GTG)5 PCR based co-clustering analysis of the phylogenetic tree in Figure 1 indicated that the clinical 
isolates had a closer relationship to iguana E. coli isolates (36% of closely related pairs) than to fresh (14%) and 
marine (29%) water isolates. However, in accordance with the BOX PCR analysis, 50% of clinical isolates 
paired with human isolates while the rest were most similar to marine (29%), followed by freshwater (14%) and 
iguanas (7%), The next leaf co-clustering relatedness analysis of the (GTG)5 and BOX dendrograms confirmed 
the results of the fingerprinting of dominating ecotypes, indicating that clinical isolates were most often related 
to the iguana isolates (source of food in Grenada), and to the marine E. coli. 

3.2. Is REP PCR Banding Reflective of Intraspecies Genomic Diversity? 
The variation and comparison of numbers of bands per strain in the (GTG)5-PCR and BOX DNA fingerprints 
are shown in Table 2. Table 2 demonstrated that the variation of the numbers of bands observed in the (GTG)5- 
PCR resulted in 10.2% of the average while the BOX PCR analysis resulted in 18% of the average. 

As shown in Table 3, there was greater variance observed in the banding pattern of each ecotype in accordance  
 
Table 1. Shared ancestry of E. coli strains from different environments based on dominance analysis. 

Percent of shared ancestry UPEC Iguana Fresh water Seawater Top similarity 

UPEC GTG5 52 36 48 Iguana 

UPEC BOX 44 28 56 Seawater 

Iguana 41 GTG5 31 28 UPEC 

Iguana 28 BOX 49 15 Fresh water 

Fresh water 63 55 GTG5 72 Seawater 

Fresh water 72 36 BOX 27 UPEC 

Marine water 80 30 40 GTG5 UPEC 

Marine water 80 70 30 BOX UPEC 

 
Table 2. Comparison of (GTG)5-PCR and BOX DNA fingerprints. 

 # of strains 
analyzed 

Range of 
REP bands 

ATCC 
Strain # 
of bands 

Average 
number of 
REP bands 

Variance 
among 
isolates 

SD 
% of  

average 

Variance among  
solates  

excluding the 
ATCC strain 

SD of strains 
excluding 

ATCC strain 

(GTG)5 83 22 - 36 39 27 9.07 3.01 
11.2% 

7.53 
27.8% 

2.74 
10.2% 

BOX 83 15 - 34 28 22 15.85 3.98 
18.1% 

15.63 
71% 

3.95 
18.0% 

 
Table 3. Summary table of banding patters per ecotype in accordance with (GTG)5-PCR and BOX-PCR. 

(GTG)5-PCR: 
Ecotype Number of bands Average number of bands SD Variance 
Clinical 22 - 36 28.04 3.48 12.12 
Iguana 22 - 31 26.75 2.27 5.16 

Freshwaters 24 - 36 27.54 3.14 9.87 
Marine waters 25 - 29 27.4 1.26 1.6 

BOX-PCR: 

Ecotype Number of bands Average number of bands SD Variance 
Clinical 16 - 30 22.16 8.27 68.36 
Iguana 17 - 32 22.64 5.20 19.34 

Freshwaters 18 - 34 22.46 3.88 15.03 

Marine waters 15 - 28 22.3 3.40 11.57 
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with the BOX-PCR than the variance observed in the banding pattern of the ecotypes in the (GTG)5-PCR. 
Variation among the clinical strains, both detected by (GTG)5 and Box PCR, exceeded all other kinds of eco-
types, confirming its polyphyletic relatedness. 

Table 4 was compiled utilizing the genomic information obtained from the Integrated Microbial Genome da-
tabase (IMG). The variation observed in this experiment was compared with the variation of multiple genetic 
elements in previously sequenced genomes of 1194 strains of E. coli, which are available online. This study 
demonstrated that the E. coli genome of 1194 clinical strains of E. coli was on average of 5173 036 bp with a 
standard deviation of 288811 bp.  

The analysis of the genomes of human E. coli strains, in this study, showed that most of the genome variation 
was due to the variation of number of pseudogenes (609%), of numbers of CRISPRs (278%) and horizontally 
transferred genes per genome (162%) (Table 4). Variation due to the number of genetic elements including 
variation in number of fused genes (48%), in number of RNA-coding genes (56%), in number of proteins with 
signal peptides (10%), in number of gene duplications (8.2%), in number of gene fusions (3.5%) and number of 
bacteriophages (1.12%) per individual genome indicated contribution of these genetic elements to the host in-
duced evolution of human E. coli. Remarkably, all genes annotated were arranged as gene cassettes in all strains 
sequences. 

Of all the sequenced genomes, only 6 UPEC genomes were sequenced and analyzed. Based on this compiled 
information, the UPEC genome was 5,116,773 bp, which was close to the average size of the genome in human 
intestinal strains. This corresponds to the typical E. coli genome listed in Table 4, however the standard devia-
tion observed was only 2.7 percent indicating less variation in size of genome than in most of the sequenced 
human E. coli (5.56%). In the UPEC genome, variation due to the number of horizontally transferred genes per 
genome was 36.5%.  

Within the UPEC strains only, variation in the number of of CRISPRS (155%), pseudogenes (82%), genes 
subjected to horizontal transfer (36.5%), RNA-coding genes (3.6%), gene duplications (2.7%), and, finally, gene 
fusions (7.3%) per an individual genome, indicated typical but less significant contributions of these genetic 
elements than for intraspecies variation among 1194 strains. This also might indicate a specialization of UPEC 
due to the host induced evolution. It was observed that the size of the group subjected to the analysis of variation 
affected the level of variation in numbers of all genetic elements tested. 

Discrimination level of DNA barcoding allowed to follow the relatedness or common origin of individual str- 
ains which belong to the different ecotypes. In this DNA barcoding experiment wide intraspecies genetic diversity 
of exogeneous DNA with variation typical and comparable to genomic variation due to a number of genomic 
elements typical for the species based on 1194 individual genomes of human originated E. coli was observed. 

 
Table 4. Summary of the compiled genomic data for 1194 E. coli strains isolated from human skin, feces and urine and se-
quenced by the Joint Genome Institute Database (JGI-IMGACT). 

E. coli Average Standard deviation (SD) Percentage of SD out of the average (%) 

Genome size (base pairs) 5,173,036 288,811.4 5.58 

Gene Count 5213 432 8.1 

CRISPR Count 0.32 0.89 278 

GC content, % 50.57 0.5 5.55 

RNA genes, % 15.83 8.83 55.6 

Pseudo Genes, % 0.09 0.56 609 

Genes Paralogs, % 70.55 5.80 8.2 

Fused genes, % 3.19 1.55 48 

Horizontally transferred genes % 0.17 0.12 162 

Signal peptide, % 8.45 0.85 10.17 

Genes in cassettes, % 100 0.02 0.003 



K. Farmer et al. 
 

 
41 

3.3. Comparison of Antibiotic Resistance Patterns 
Resistance patterns for the studied groups of E. coli are shown in Table 5. Clinical E. coli were susceptible only 
to two drugs including ciprofloxacin and gentamicin. This result corresponded with previous studies conducted 
[30]. 

3.4. Comparison of Resistance Profiles 
The E. coli isolates collected and analyzed presented some similarities among their antimicrobial multidrug re-
sistance profiles. In this research multidrug resistant strain was defined as an isolate which presented the resis-
tance to 2 or more antibiotics. Forty eight percent of UPEC were resistant to at least one antibiotic, 16% were 
single drug resistant (SDR) while 32% were multidrug resistant (MDR). About 3% of iguanas (SDR 18%), 20% 
of marine (SDR 10%) and 64% of freshwater (none SDR) were multidrug resistant (Table 6). 

There were only three drugs which showed a significant difference in patterns of antibiotic resistance between 
the clinical isolates and the freshwater isolates, namely for AM (p = 0.045), AMC (p = 0.007) and F/M (p = 
0.004) (Table 7).There were only three drugs which showed significant difference between patterns of resis-
tance between groups of clinical and freshwater isolates, namely for AM (0.003), CB (p = 0.000) and SXT (p = 
0.011). There were three drugs which showed a significant difference between patterns of resistance between the 
clinical and marine water isolates, namely for TE (p = 0.019), AM (0.015) and GM (p = 0.001). All ecotypes 
displayed dissimilarity of resistance patterns to AM apart from the iguana isolates and the marine waters isolates. 
All compared isolates showed the same patterns of resistance in relation to CIP, CF, NA and CFM. In accor-
dance with t-test analysis of resistant/susceptible patterns among four ecotypes (Table 7) the most similar pat-
terns (83.3%) were observed between freshwater and marine water isolates, as well as in marine and iguana iso-
lates. Clinical E. coli was 50 percent of strains/resistance patterns were similar to marine and 72% both to 
iguana and fresh water isolates. 

4. Discussion 
This study targeted comparison of UPEC to its environmental relatives based on intraspecies exogenous DNA 
variation and phenotypic antibiotic resistance patterns. Traditional methods to classify bacteria are serotyping, 
phage typing, microscopy, substrate utilization screening, multilocus enzyme electrophoresis (MLEE), fatty acid 
methyl ester analysis (FAME), 16S RNA sequence comparison, DNA-DNA hybridization and multi locus se-
quence typing (MLST). Additionally, antibiotic resistance profiling may be performed using the DNA profile. 
However, these techniques require pure cultures of the bacteria, target a limited number of genes or proteins and  

 
Table 5. Percentages of resistance strains and fraction of ineffective drugs per an ecotype of E. coli studied. 

Resistant AM CB CF AMC CFM TE CIP GM STX NA F/M Drugs* 

Clinical (25) 32% 36% 8% 8% 8% 24% 0 0 16% 8% 16% 82.2% 

Iguana (39) 3% 3% 18% 0 3% 0 0 0 0 0 0 36.4% 

Freshwater (11) 55% 45% 45% 18% 27% 18% 0 9% 18% 8% 9% 90.9% 

Seawater (10) 20% 0 20% 10% 0 10% 10% 0 0 0 0 45.1% 

AM, Ampicillin; CB, Carbenicillin; CF, Cephalothin ; AMC, AMOX/Clavulanate; CFM, Cefixime TE, tetracycline; CIP, Ciprofloxacin; GM, Gen-
tamicin; STX, Trimethoprim/sulfamethoxazole; NA, Nalidixic acid; F/M, Nitrofurantoin. *-fraction of inefficient drugs to which bacteria were show-
ing resistance. 

 
Table 6. The percentage of multiple and single drug resistant Escherichia coli strains isolated from variable sources in Gre-
nada in 2013. 

 MDR (%) SDR (%) No Resistance (%) 

Clinical (n = 25) 8 (32%) 4 (16%) 13 (52%) 

Iguana (n = 39) 1 (3%) 7 (18%) 31 (79.5%) 

Fresh (n = 11) 7 (64%) 0 4 (36%) 

Marine (n = 10) 2 (20%) 1 (10%) 7 (70%) 
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Table 7. T-test for antibiotic resistance patterns and ecotypes. 

T-test TE AM CIP CB CF GM AMC NA F/M CFM SXT Dissimilarity 
of antibiotic  
resistance 
pattern 

Similarity 
of  
antibiotic 
resistance 
pattern 

Clinical 
vs 
Fresh 
Water 

0.303* 0.045 0.352 0.379 0.311 0.746 0.007 0.456 0.004 0.171 0.652 3 of 11  
(27.3%) 

8 of 11  
(72.7%) 

Clinical 
vs 
Iguana 

0.051 0.003 0.011 0.000 0.487 0.401 0.235 0.873 0.279 0.461 0.011 3 of 11  
(27.3%) 

8 of 11  
(72.7%) 

Fresh 
Water 
vs 
Iguana 

0.891 0.000 0.379 0.002 0.156 0.513 0.001 0.311 0.009 0.238 0.058 4 of 11  
(36.36 %) 

7 of 11  
(63.6%) 

Clinical 
vs 
Marine 
Waters 

0.019 0.015 0.074  0.681 0.001 0.648     3 of 6 
(50%) 

3 of 6 
(50%) 

Fresh 
Water 
vs 
Marine 
Waters 

0.211 0.000 0.150  0.265 0.072 0.217     1 of 6  
(16.67%) 

5 of 6 
(83.3%) 

Marine 
Waters 
vs 
Iguana 

0.115 0.319 0.234  0.787 0.024 0.419     1 of 6  
(16.7%) 

5 of 6 
(83.3%) 

*T-test P coefficient indicates lack of statistically significant difference unless it is smaller than 0.05. 
 

can be extremely time consuming. However, both the 16S RNA sequence comparison and DNA-DNA hybridi-
zation cannot resolve the intraspecies diversity. The 16S RNA method could be used for the identification of en-
vironmental strains as E. coli species provided that species definition is based on a single gene [31]. 

The phylogenetic relationships among strains can be determined by pulsed-field gel electrophoresis [32], ri-
botyping [33] [34], ribosomal DNA heterogeneity analysis [35], and repetitive extragenic palindromic-PCR 
(rep-PCR) [36]. However, the use of another DNA fingerprinting method, rep-PCR [36] has been reported as a 
more accurate mean of E. coli strain identification [25]. Previous genetic diversity studies indicated potential for 
transmission of food-borne and water-borne E. coli strains or resistances to human patients [6] [25] [37] [38]. 
However the analysis of the serotypes, pathogenicity and virulence of E. coli culture collection relied only on 
few genes that may be subjected to horizontal gene transfer. Therefore the phenotypic identification of the iso-
lates to the species of E. coli was chosen. 

The co-clustering of the most closely related pairs which belong to the same phylotype were analyzed under 
assumption that those isolates appeared to be evolutionary related to each other as a result of the high variation 
of non-coding DNA which has been targeted by this analysis. This study of genetic diversity of clinical and 
non-clinical E. coli in Grenada using the (GTG)5 analysis demonstrated that the clinical strains displayed simi-
larity to the iguana isolates. Almost 1/3 of the clinical isolates were similar to marine isolates as they grouped in 
pairs as shown using both the (GTG)5 and BOX DNA fingerprinting analysis, presenting high similarity in the 
variable part of the genome. The (GTG)5 and BOX DNA fingerprinting primers targeted different types of ex-
ogenous DNA therefore they produced the phylogenetic trees of different topology, however both methods al-
lowed to reveal the intraspecies diversity and relationships. Observation of a high number of genetically similar 
strains between clinical urine samples from humans and the seawater in this study agreed with observations 
made by of previous research [39] [40]. This might have been as a result of urination in the beach water and the 
subsequent survival of the osmotolerant E. coli strains which agreed with [40] [41], a link which requires further 
investigation. 
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The pool of these strains both in fresh and marine water may also be a potential reservoir for transmission of 
MDR genes in attached microbial communities and possibly infection of and among the bathing individual [39] 
[42] [43]. 

This study compared the resistance patterns in UPEC to those in E. coli isolated from aquatic natural envi-
ronments and iguana around Grenada. Similar antibiotic resistance patterns in UPEC and strains isolated from 
iguana, freshwater and marine coastal surface water (Table 5) was observed in this report. The types of resis-
tance overlapped among different ecotypes. As noted in Table 6 there are some multi drug resistance (MDR) 
and single drug resistance (SDR) among the clinical isolates. The percentage of MDR strains in this investiga-
tion was similar to the percentage observed by Amadi et al., 2012 [39] [40]. Thus, this may indicate that there is 
possible sewage pollution of marine and freshwater in Grenada which agrees with earlier observations of Patel 
et al., 2008 [44].  

Resistance profiles did not correlate to the DNA barcode based grouping which agreed with earlier studies [45] 
[46], however, antibiotic resistant E. coli has previously been observed in wild animals [47] [48]. 

As a result of E. coli’s genetic flexibility and adaptability to survive in diverse stressful conditions, both 
commensal and pathogenic E. coli strains have the ability to survive in terrestrial and aquatic habitats [41]. In 
the past decade attention has been paid to resistant E. coli in marine environments as well as on migratory birds 
specifically pertaining to the increasing indication of their possible role in the spreading of antibiotic resistant 
Enterobacteriaceae, particularly Escherichia coli [15] [25] [39] [48] [49]. 

The information obtained from this research is important as it identified relatedness of environmental isolates 
of E. coli in water and wild animals with UTI E. coli and their resistance patterns showed significant similarity. 
The newly created culture collection can be used to sequence the full genomes of the organisms for future com-
parative research as well as to identify the origin genes for the antibiotic resistance in the strains of E. coli from 
four different environments, visualize genome based means of intra-species genetic diversity of E. coli and to 
compare the drug resistance between them. 

Furthermore, serotyping for the O and H antigen can be used to compare the culture collection created E. coli 
with other known bio-geographically affiliated E. coli from other parts in the world. Additionally, if full se-
quence analysis is performed on the created culture collection it can allow for biogeographic comparison and 
identification of genes responsible for the observed antibiotic resistance. Further information can also be gath-
ered from the created culture collection by performing PCR on these strains by utilizing specific primers for the 
genes that code for the antibiotic resistant mechanisms as well as with primers for the genes that code for viru-
lence factors of E. coli. 

5. Conclusions 
The (GTG)5 PCR based co-clustering analysis indicated that the clinical isolates had a closer relationship to 
iguana E. coli isolates than to fresh and marine water isolates. However, in accordance with the BOX, clinical 
isolates were most similar to marine, followed by freshwater and iguanas. The DNA barcoding allowed for the 
tracing of the evolution and relatedness of E. coli isolated from human urine with UTI and natural environments. 

Unexpectedly, wide exogenous intraspecies diversity was documented for newly isolated organisms from va-
riable natural habitats in Grenada which appeared to agree with the genomic variation observed with human E. 
coli isolates. 

Similarity of UPEC to strains isolated from natural sources in Grenada indicated a possible epidemiological 
link of UPEC to a popular food source and to the anthropogenic water pollution in Grenada. 

Antibiotic resistance patterns of the UTI strains with E. coli shared similarity with the isolates from freshwa-
ter samples, followed by iguana and marine isolates. 
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