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ABSTRACT 

 

Comparative genomic analysis of 

 enterotoxigenic Escherichia coli strains isolated 

from diarrheal patients in Korea 

 

 

 Siyun Chung 

School of biological sciences 

The graduate school 

Seoul National University 

 

Enterotoxigenic Escherichia coli (ETEC) is a common cause of bacterial 

infection leading to diarrhea. ETEC is defined by the ability to produce enterotoxin, 

a heat-labile toxin (LT) and/or heat-stable toxin (ST). ETEC harbors one or more 

cell adhesion factors called colonization factors(CFs) to colonize on epithelial cells 

of intestinal surfaces of hosts. In a previous study, 258 ETEC isolates from patients 

with diarrhea in Korea were analyzed about CFs and multi-locus sequence typing 

(MLST). ST171 (24%) was identified as the most prevalent ETEC type in Korea, 

followed by ST955, ST964 and ST656. However, genomic and pathogenic 

characteristics of major MLST type of ETEC in Korea had not yet been 

investigated.  
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In this study, whole-genome sequencing was performed to reveal the genomic 

characteristics of five predominant MLST types of ETEC isolates in Korea during 

2003-2011: E. coli O159 NCCP15731 and NCCP15733 (Chapter 1), E. coli O6 

NCCP15732 (chapter 2), E. coli O169 NCCP15735 (chapter 3) and E. coli O25 

NCCP15741 (chapter 4). Moreover, to identify their pathogenic characteristics, 

comparative genomic analysis was performed among same serotypes including 

reference ETEC strains reported over a similar time period.  

 

In summary, new knowledges of ETEC strains in Korea were found. Domestic 

ETEC had unique genes and their combinations of colonization factors with 

enterotoxin type were consistent with that of globally distributes ETEC isolates. 

This thesis presents a basic study to understand the biological functions of ETEC 

pathogenicity and Korean specific pathogens. 

 

Key words: pathogen, Whole-genome sequencing, comparative genomic analysis, 

Escherichia coli, ETEC, virulence factor, MLST 
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INTRODUCTION  

 
  Enterotoxigenic E. coli (ETEC) is a common cause of bacterial infection that 

leads to diarrhea in infants, young children and traveler in developing countries 

(Wennerås and Erling 2004, Organization 2006). Because ETEC outbreaks are 

gained by consuming contaminated food or water, food contamination is an 

important concern for public health (Gómez-Aldapa et al. 2013, Shin et al. 2016). 

In Korea, outbreak of foodborne or waterborne diseases by ETEC was the second 

most common of E. coli outbreaks in 2014 (Oh et al. 2015). For examples, a 

massive ETEC outbreak reported in Korea in 2012 was caused by ETEC O169 

(Shin et al. 2016). 

 

ETEC is defined by the ability to produce enterotoxin, a heat-labile toxin (LT) 

and/or heat-stable toxin (ST, including STh and STp), that can disturb the intestinal 

secretory state, thereby causing watery diarrhea of infected patients (Nataro and 

Kaper 1998, Qadri et al. 2005, Fleckenstein et al. 2010). While STh is produced by 

ETEC isolated from humans, STp originally found in pig ETEC is also associated 

with disease in humans (Bölin et al. 2006). ETEC harbors one or more cell 

adhesion factors called colonization factors (CFs) to colonize on epithelial cells of 

intestinal surfaces of hosts. Currently, more than 30 colonization factors (CFs) have 

been identified in human ETEC, and co-expressed with one, two or three CFs 

and/or toxic factors, such as CS1 + CS3 (ÑCS21) with LT + STh, CS2 + CS3 

(ÑCS21) with LT + STh, CS5 + CS6 with LT + STh, CS6 with STp, CFA/I (ÑCS21) 



2 

with STh and CS7 with LT, globally (Gaastra and Svennerholm 1996, Svennerholm 

and Lundgren 2012, von Mentzer et al. 2014).  

 

Phylogenetic analysis is an important for investigating the evolution and 

diversity of E. coli and evaluating bacterial pathogenicity (Clermont et al. 2013). 

Most commensal and pathogenic E. coli strains belonged to phylo-groups A and B1 

(Escobar-Páramo et al. 2004, Badouei et al. 2015) and about 90% of foodborne E. 

coli isolates in Korea belonged to phylo-groups A and B1 (Koo et al. 2012). In 

recent studies, results of whole genome sequencing of a representative collection of 

ETEC isolated globally showed that they shared distinct colonization factors and 

enterotoxin profiles and were divided into phylo-groups (von Mentzer et al. 2014). 

This suggests that researching long-term ETEC clades can find a combination that 

optimizes fitness and transmissibility, and affect the tracking and prevention of 

ETEC disease.  

 

Up to now, a lot of researches about new colonization factors and phylogenetic 

analysis among pathogens with the same serotype have been reported (Hazen et al. 

2017, Kwon et al. 2017, Von Mentzer et al. 2017). However, despite many ETEC 

pathogen studies in each country, there have been limited such study conducted on 

the pathogenicity of ETEC outbreaks in Korea and comparative analysis with 

ETEC distributed globally. Therefore, it is required to study pathogen by revealing 

specific characters of ETEC in Korea because these results will provide important 

information for the development of an ETEC vaccine candidate and play a key role 

in increasing public health. 
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  Recently, 258 ETEC isolates from patients with diarrhea in Korea were analyzed 

about CFs and multi-locus sequence typing (MLST) (Oh et al. 2014). 65 different 

MLST types were identified from domestic human ETEC isolates and ST171 (24%) 

was the most prevalent MLST type of domestic ETEC, followed by ST955, ST964 

and ST656. NCCP15740 (Kwon et al. 2017), representing the major MLST type 

ST171 of ETEC in Korea, was investigated about genomic features, CF genes, and 

virulence factors. However, other MLST types have not been investigated. In this 

study, whole-genome sequencing was performed to reveal the genomic 

characteristics of five predominant MLST types of ETEC isolates in Korea (Table. 

1).  

 

  Comparative genomic analysis was performed among same serotypes including 

reference ETEC strains reported over a similar time period: E. coli O159 NCCP157 

31 and NCCP15733 (Chapter 1), E. coli O6 NCCP15732 (chapter 2), E. coli O169 

NCCP15735 (chapter 3), and E. coli O25 NCCP15741 (chapter 4). Searching 

essential genes among the same serotypes will suggest effective method for the 

prevention and treatment of ETEC outbreaks. In addition, finding unique virulence 

genes in Korea will be important information for understanding the pathogenicity 

of domestic ETEC. 
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Table. 1. Enterotoxigenic Escherichia coli isolates studied in this thesis. 

Strain MLST type Serotype 

Genome Size 

(Mbp) 

GenBank 

Accession 

NCCP15731 ST964 O159:H34 4.66 QICG00000000 

NCCP15732 ST955 O6:H16 4.8 - 

NCCP15733 ST656 O159:H34 4.64 QICF00000000 

NCCP15735 ST737 O169:H41 5 - 

NCCP15741 ST949 O25:H16 4.71 - 

 

* In silico serotyping of E. coli isolates was performed using SerotypeFinder  

  (version 1.1) (Joensen, Tetzschner et al. 2015) 

* O n.i.: not identified  

 

  



5 

MATERIALS AND METHODS  

 

Bacteria and Strain isolation  

 

  All samples were isolated from diarrheal patients using MacConkey agar and 

Trypticase Soy Broth containing vancomycin. Candidate colonies of E. coli strains 

were identified based on phenotypes and biochemical properties using the API20E 

system (Biomerieux, Marcy lôEtoile, France). The isolated strains were deposited 

in the National Culture Collection for Pathogens (NCCP) under the registration 

numbers NCCP15731, NCCP15732, NCCP15733, NCCP15735 and NCCP15741. 

Five E. coli strains were identified as five major MLST types of ETEC in Korea 

(Oh et al. 2014).  

 

 

Whole genome sequencing, assembly and annotation  

 

  A sequencing library was created using TruSeq sample preparation kit (Illumina, 

San Diego, CA, USA). Whole-genome sequencing of five ETEC strains was 

performed using the Illumina HiSeq 2000 platform (Theragen Etex Bio Institute, 

Suwon, Republic of Korea). Low-complexity reads, quality scores <Q20, as well as 

duplicate reads were deleted. SOAP de novo (version 1.05) (Li et al. 2010) was 

used to assemble high-quality reads. Assembled contigs of each strains wer 

e annotated using the Rapid Annotation using Subsystem Technology (RAST 

version 4.0) (Aziz et al. 2008) server pipeline. 
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Genomic analysis  

 

In silico SerotypeFinder (version 1.1) (Joensen et al. 2015) was used to identify 

serotype of five strains. Colonization factors and multi-locus sequence typing 

(MLST) were identified using CF primers (Rodas et al. 2009, Liu et al. 2017) and 

E. coli MLST database (Wirth et al. 2006). The seven MLST genes were adk, fumC, 

gyrB, icd, mdh, purA, and recA from ETEC strains. The primer sequences using 

this thesis were listed in Table. 2. The same method as described by Clermont et al. 

(von Mentzer et al. 2014) was performed in silico to identify E. coli phylo-groups 

(A, B1, B2, D, E and F) using primersearch program from the European Molecular 

Biology Open Software Suite (EMBOSS) (Rice et al. 2000). 
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Table. 2. Primers used in this thesis. 

Target Gene Sequence (F: Forward, R:  reverse) Amplicon 

length(bp) 

Enterotoxin LT F: ACGGCGTTACTATCCTCTC 273 

  R: TGGTCTCGGTCAGATATGTG  

 STh F: TGGTCTCGGTCAGATATGTG 120 

  R: TGGTCTCGGTCAGATATGTG  

 STp F: TGAATCACTTGACTCTTCAAAA 136 

  R: GGCAGGATTACAACAAAGTT  

CFA/I  cfaB F: GCTTATTCTCCCGCATCAAA 170 

  R: ACTTGTCCTCCCCATGACAC  

CS1 csoA F: TCCGTTCGGCTAAGTCAGTT 243 

  R: CCGCACATTTCCTGTGTTCT  

CS2 cotA F: AGTGGTGGCAGCGAAACTAT 368 

  R: TTCCTCTGTGGGTTCTCAGG  

CS3 cstA F: CTAGCTTTGCCACCACCATT 100 

  R: GGCAACTGACTCCCATTTGT  

CS4 csaB F: ACCTGCGGCAAGTCGTTT 198 

  R: TCTGCAGGTTCAAAAGTCACA  

CS5 csfA F: TCCGCTCCCGTTACTCAG 226 

  R: GAAAAGCGTTCACACTGTTTATATT  

CS6 cssB F: CTGTGAATCCAGTTTCGGGT 152 

  R: CAGGAACTTCCGGAGTGGTA  

CS7 csvA F: CGCCGGTTACACGTAGTGAT 154 

  R: CCATTTAAAGTGATTGCGACTT  

CS8 cofA F: ATCCGGATTATCAAGCTCCA 166 

  R: GAAGATGTTATTGCACCACCAA  

CS12 cswA F: CCAGTCTATGCCAGGTTGCT 137 
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  R: TGTGGGGTCACAGTTTACCA  

CS13 cshE F: GGGACTGCCACAATGAATTT 178 

  R: CAGCACCACCTGCTGATTTA  

CS14 csuA1 F: TTTGCAACCGACATCTACCA 162 

  R: CCGGATGTAGTTGCTCCAAT  

CS15 nfaA F: CGAAATTGGACAAGCGATG 130 

  R: TCCAGCAGGGATATTATTCG  

CS17/19 csbA-

csdA 

F: CGGTGCGTTTAACACAGCTA 195 

  R: CTCAGGCGCAGTTCCTTGT  

CS18 fotA F: ATCCGTCAGGTGTTTGTGGT 362 

  R: CACCTGAATTCCTCGACAGG  

CS21 lngA F: TCATGAGCCTGCTGGAAGTTATCA 617 

  R: TCCGGCTACCTAAAGTAATTGAGT 
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Phylogenetic analysis  

 

Reference ETEC strains with the same O serotype as each of five domestic 

strains used this study were collected for phylogenetic analysis. These reference 

strains have been isolated globally over a similar time period. Assembly sequences 

of reference strain were obtained from NCBI and Illumina short reads of reference 

strain were obtained from NCBI Sequence Read Archive (SRA). The Accession 

numbers were subscripted in Appendix 1. De novo assemblies of their Illumina 

short reading frame were performed with Spades (version 3.5.0) (Bankevich et al. 

2012).  

 

To identify evolutionary relationship with each of strains and reference strains 

with same O serotype, phylogenetic analysis was performed. Multiple sequence 

alignments obtained from whole genome sequences of each ETEC strains were 

performed with Mugsy (version 1.2.3) (Angiuoli and Salzberg 2010). The 

generalized time reversible + CAT model (Stamatakis 2006) was used for 

maximum-likelihood phylogenetic tree construction using FastTree (version 2.1.7) 

(Price et al. 2009). The resulting trees were visualized with FigTree (ver 1.3.1; 

http://tree.bio.ed.ac.uk/software/ figtree/ ).  

 

In order to exclude the effect of HGT in phylogenetic analysis, multi-locus 

sequence analysis method was used (Khan et al. 2008, Glaeser and Kämpfer 2015). 

Seven housekeeping genes (adk, fumC, gyrB, icd, mdh, purA and recA) from each 

ETEC isolates were obtained according to the protocol described in E. coli MLST 

http://tree.bio.ed.ac.uk/software/
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database (Wirth et al. 2006). Housekeeping genes were selected from the E. coli 

database at the MLST site (http://mlst.warwick.ac.uk/mlst/dbs/Ecoli/documents/ 

primersColi_html) (Table. 3). A phylogenetic tree based on MLST genes was 

created using the method employed for whole-genome phylogenetic analysis. 

 

 

Virulence factor analysis 

 

To identify the genes encoding virulence factors, the total CDSs of five domestic 

ETEC strains and reference strains were analyzed using blastp against the virulence 

factor genes of E. coli listed in VFDB (bacterial virulence factors database) with an 

e-value of 1e-5 (Chen et al. 2005). Genes with coverage at least 60% were selected. 

http://mlst.warwick.ac.uk/mlst/dbs/Ecoli/documents/%20primersColi_html)
http://mlst.warwick.ac.uk/mlst/dbs/Ecoli/documents/%20primersColi_html)
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Table. 3. Forward and reverse sequences of MLST-primers. 

Gene (function) Primer sequence (5'-3') (F: forward, R: reverse) 
Amplicon 

size (bp) 

adk (adenylate kinase) ATTCTGCTTGGCGCTCCGGG (F) 583 

 

CCGTCAACTTTCGCGTATTT (R) 

 
fumC (fumarate hydratase) TCACAGGTCGCCAGCGCTTC (F) 806 

 

GTACGCAGCGAAAAAGATTC (R) 

 
icd (isocitrate/isopropylmalate dehydrogenase) ATGGAAAGTAAAGTAGTTGTTCCGGCACA (F) 878 

 

GGACGCAGCAGGATCTGTT (R) 

 
purA (adenylosuccinate dehydrogenase) CGCGCTGATGAAAGAGATGA (F) 816 

 

CATACGGTAAGCCACGCAGA (R) 

 
gyrB (DNA gyrase) TCGGCGACACGGATGACGGC (F) 911 

 

ATCAGGCCTTCACGCGCATC (R) 

 
recA (ATP/GTP binding motif) CGCATTCGCTTTACCCTGACC (F) 780 

 

TCGTCGAAATCTACGGACCGGA (R) 

mdh (malate dehydrogenase) ATGAAAGTCGCAGTCCTCGGCGCTGCTGGCGG (F) 932 

 

TTAACGAACTCCTGCCCCAGAGCGATATCTTTCTT (R) 
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RESULTS 

 

Chapter 1. Comparative genomic analysis of enterotoxigenic 

Escherichia coli O159 strains 

 

Genomic analysis  

 

The genome size of NCCP15731 was 4,663,459 bp with G+C content of 50.7%. 

The genome size of NCCP15733 was 4,645,336 bp with G+C content of 50.6%. 

Based on RAST analysis, 4,435 coding sequences and 19 tRNA genes were 

detected in genome of NCCP15731, of which 3,855 (87%) were functional (Fig. 1). 

A total number of 4,369 coding sequences and 23 tRNA genes were detected in 

genome of NCCP15733, of which 3,852 (88%) were functional (Fig. 2). In silico 

analysis revealed that serotype of both NCCP15731 and NCCP15733 was 

O159:H34 belonging to phylo-group A, one of major E. coli phylo-groups 

(Badouei et al. 2015). Genomic and phylogenetic characteristics of NCCP15731 

and NCCP15733 were summarized in Table. 4. Toxin type and colonization factors 

of NCCP15731 and NCCP15733 were investigated. Both NCCP15731 and NCCP 

15733 possessed ST enterotoxin but not LT enterotoxin. 
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Fig. 1. Subsystem category distribution of NCCP15731. Based on RAST 

analysis, 4,435 coding sequences were detected in NCCP15731, of which 3,855 

(87%) were functional. 
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Fig. 2. Subsystem category distribution of NCCP15733. Based on RAST 

analysis, 4,369 coding sequences were detected in NCCP15733, of which 3,852 

(88%) were functional. 
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Table. 4. Genomic characteristics of NCCP15731 and NCCP15733. 

Strain NCCP15731 NCCP15733 

Genome size 4,663,459 4,645,336 

% GC 50.7 50.6 

N50 9,457 14,126 

L50 147 105 

Total contigs 986 694 

Total subsystems 587 588 

Total CDS 4,435 4,369 

tRNAs 19 23 

Serotype O159:H34 O159:H34 

Toxin type STh STh 

Phylo-group A A 
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Phylogenetic analysis  

 

Phylogenetic comparison of candidate genes, implemented in SEED (Overbeek 

et al. 2013), showed that both NCCP15731 and NCCP15733 were most close to E. 

coli O157:H7 str. 88.1467 (score: 531 and 530, respectively). 12 E. coli O159 

strains were selected as reference strains with the same O serotype as NCCP15731 

and NCCP15733. These 12 E. coli O159 strains have been isolated globally from 

1980 to 2011 (von Mentzer et al. 2014) Their genomic features were shown in 

Table. 5.  

 

Whole-genome phylogenetic analysis and MLST-based phylogenetic analysis 

were performed of sequence of NCCP15731, NCCP15733 and 12 E. coli reference 

strains. Whole-genome phylogenetic tree showed that NCCP15731 and 

NCCP15733 belonged to group A and both of two strains were closer to E. 

coli O159:H34 str. E159 with sequence type of ST218 (Fig. 3). Seven strains 

belonging to phylo-group B1 clustered into a single clade and, seven strains 

belonging to phylo-group A clustered into a single clade. However, in MLST 

phylogenetic analysis, phylo-group A clustered into a single clade whereas, phylo-

group B1 did not cluster (Fig. 4). E. coli E159 strain was placed in a single clade 

with NCCP15731 and NCCP15733 in whole-genome and MLST phylogenetic tree. 
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 Table. 5. Genomic features of whole genome datasets of ETEC O159 strains. 

 

 

 

 

 

 

 

 

 

 

 

 

    

1 
CF NEG :  CF "negative"

Strain Genome (Mb)  Phylo-group MLST type Serotype Toxin type CF type 
1
 

E. coli NCCP15731 4.66 A 218 O159:H34 STh CF NEG 

E. coli NCCP15733 4.64 A 218 O159:H34 STh CF NEG 

E. coli E159 4.95 A 218 O159:H34 LT CF NEG 

E. coli E133 4.89 A 10 O159:H4 LT+STp CS12 

E. coli E1532 4.83 A 10 O159:H4 LT CF NEG 

E. coli E1573 4.95 A 10 O159:H4 LT CF NEG 

E. coli E1679sc 4.95 A 10 O159:H4 LT+STp CS12 

E. coli E391 4.91 B1 641 O159:H21 LT CF NEG 

E. coli E833 5.09 B1 641 O159:H34 LT CS28a 

E. coli E885 4.96 B1 641 O159:H21 LT CF NEG 

E. coli E1640 5.01 B1 641 O159:H34 LT+ST CF NEG 

E. coli E5085 5.06 B1 1490 O159:H34 STp CS6 

E. coli E5088 5.07 B1 1490 O159:H34 STp CS6 

E. coli E5051 5.25 B1 295 O159:H18 LT CS6 
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Fig. 3. Maximum likelihood (ML) tree of whole-genome sequences of ETEC 

O159 strains. The tree was obtained by approximately-maximum-likelihood 

analysis of a concatenated alignment of whole-genomes, using FastTree (version 

2.1.7) with a GTR (generalized time-reversible) +CAT model. Bootstrap values 

based on 1,000 replications are included. Evolutionary time is adjusted to 100. The 

scale bar indicates 2.0 substitutions per site. The major E. coli phylo-groups are 

indicated. 

 

A

B1
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Fig. 4. Maximum likelihood (ML) tree of MLST sequences of ETEC O159 

strains. The tree was obtained by approximately-maximum-likelihood analysis of a 

concatenated alignment of nucleotide sequences of seven MLST genes (adk, fumC, 

gyrB, icd, mdh, purA, and recA), using FastTree (version 2.1.7) with a GTR 

(generalized time-reversible) +CAT model. Bootstrap values based on 1,000 

replications are included. Evolutionary time is adjusted to 100. The scale bar 

indicates 2.0 substitutions per site. 

A

B1
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Virulence factor analysis  

 

The acquisition of virulence factors has been suggested to be a major driving 

force for ETEC pathogenicity (Turner et al. 2006, Crossman et al. 2010). ETEC 

causes disease by colonizing the small bowel through attachment to the host 

epithelial lining by surface proteins called CFs and possibly other surface 

structures. Subsequently, adherent ETEC elaborates enterotoxins that cause typical 

clinical manifestations of ETEC-induced diarrhea. Thus, virulence factors can be 

used as important guide for understanding their pathogenicity.  

 

Virulence factors of NCCP15731 and NCCP15733 were investigated and these 

factors were compared with those of 12 O159 strains. A total of 222 virulence 

factors grouped into 28 categories and 74 subcategories were identified (Appendix 

2). Among these factors, 125 virulence factors were found in all of 14 ETEC strains. 

Each of NCCP15731 and NCCP15733 had 150 (67.6%) of these 222 virulence 

genes, respectively. They had the least number of virulence factors among 14 E. 

coli strains used in this study. In silico analysis revealed that major virulence 

factors belonged to the following six categories: adherence, auto transporter, iron 

uptake, non-LEE encoded TTSS effectors, toxin, and secretion system. 

Hierarchical clustering based on the presence or absence of 108 major virulence 

genes was constructed using R (version 3.4.3) (Fig. 5) (Team 2013). Phylo-group A 

and B1 strains completely clustered each other. These results suggest that virulence 

factors were related with phylo-group. 
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Fig. 5. Hierarchical clustering of 16 ETEC strains according to virulence factors. The dendrogram and associated heatmap were generated 

on the basis of gene presence/absence considering 108 genes involved in virulence factors. Grey/white color indicates gene presence / absence. 

Blue color indicates strains belonging to phylo-group A, and grey color indicates belonging to phylo-group B1. 
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In adherence and auto transporter categories, seven potentially functional 

systems : ECP, EaeH, Type I fimbriae, Curli fimbriae, Stg fimbriae, AIDA-I type 

and UpaG were found. These functional systems are known to be produced by 

pathogenic E. coli (McWil liams and Torres 2014) and suggest that ability of ETEC 

to attach to the host surface is the most important step in successful colonization 

(Antão, Wieler et al. 2009). Three virulence factors (papX, upaH, and espC) in 

these categories were only found in phylo-group A while espC was only identified 

in NCCP5731 and NCCP15733. Conversely, ehaA auto transporter gene and stg 

fimbriae systems were only found in phylo-group B1. It is known that stg fimbriae 

systems contribute to the attachment of human epithelial cells. They are associated 

with phylo-group B1 (Lymberopoulos et al. 2006).  

 

Regarding toxins, enterobactin synthesis (entABCE) and ferric-enterobactin 

tansport (fepABCG) were present in all of the O159 strains. Alpha-hemolysin 

related gene (hlyA) plays a major pathogen role in ETEC and other pathogenic E. 

coli strains (Burgos and Beutin 2010). It was present in all O159 strains. Heat-

labile enterotoxin (LT), i.e., eltA (10/14, 71.4%) and eltB (7/14, 50.0%) were found 

in O159 strains (Lasaro et al. 2008). However, none of these heat-labile genes were 

found in NCCP15731 or NCCP15733.  
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Comparison with other E. coli strains in phylo-group A 

 

To calculate Average Nucleotide identity (ANI), five genomes of phylo-group A 

located in the same lineage as NCCP15731 and NCCP15733 were compared each 

other using ANIu calculator (Yoon et al. 2017). Results indicated that NCCP15731 

was most similar to NCCP15733, with OrthoANIu value of 99.97% (Table. 6). 

Both NCCP15731 and NCCP15733 were most similar to E. coli strain E159 among 

reference strains in group A, with OrthoANIu values of 99.90% and 99.91%, 

respectively. 
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Table. 6. Average nucleotide identity values based on USEARCH. Numbers 

indicate OrthoANIu value (%) and Numbers in parentheses indicate the genome 

coverage (%) 

  NCCP15731 NCCP15733 E159 E133 E1532 

NCCP15731 / 
99.97 

(73.04) 

99.90 

(72.79) 

99.15 

(68.37) 

99.23 

(67.29) 

NCCP15733 
99.97  

(71.21) 
/ 

99.91 

(73.34) 

99.18 

(70.64) 

99.15 

(68.57) 

E159 
99.90 

(62.93) 

99.91 

(65.03) 
 / 

98.99 

(72.80) 

99.00 

(70.40) 

E133 
99.15 

(59.53) 

99.18 

(63.08) 

98.99 

(73.32) 
/ 

99.87 

(73.95) 

E1532 
99.23 

(59.38) 

99.15 

(62.06) 

99.00 

(71.87) 

99.87 

(74.95) 
/ 
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Venn diagram of the virulence factors of the five strains in phylo-group A was 

obtained using InteractiVenn (Heberle et al. 2015). They commonly had 137 genes 

encoding E. coli common pilus(ECP) proteins, flagella biosynthetic proteins, 

enterobactin transport proteins and proteins related Type II secretion system (Fig. 

6). Comparison of NCCP15731, NCCP15733, and E159 (the most recent common 

ancestor of NCCP15731 and NCCP15733) showed that three strains commonly 

had 142 genes. Plus, both of NCCP15731 and NCCP15733 had two genes: espC 

gene related auto transporter and orgA gene encoding bsa T3SS secretion system. 

Compared to NCCP15733 and E159, NCCP15731 had three unique virulence 

genes: aatA encoding auto transporter protein, aatB encoding ABC transporter 

protein, and iagB encoding TTSS related secretion system. Compared to 

NCCP15731 and E159, NCCP15733 had two unique virulence genes: cpsA and 

rmlA encoding capsular polysaccharide. However, these two unique genes were not 

found in other E. coli O159 reference strains. In enterobactin synthesis of virulence 

systems, entF gene was found in NCCP15731, but not in NCCP15733 whereas 

entD gene was found in NCCP15733, but not in NCCP15731.  
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Fig. 6. Comparison of virulence factors of five ETEC strains in phylo-group A. 

NCCP15731 had three unique virulence genes, aatA encoding auto transporter 

protein, aatB encoding ABC transporter protein, and iagB encoding TTSS related 

secretion system. NCCP15733 had two unique virulence genes, cpsA and rmlA 

encoding Capsular polysaccharide. 
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Chapter 2. Comparative genomic analysis of enterotoxigenic 

Escherichia coli O6 strains 

 

Genomic analysis  

 

  The NCCP15732 genome size was 4,801,812 bp with G+C content of 50.4%. 

Based on RAST analysis, 4,583 coding sequences and 18 tRNA genes were 

detected in NCCP15732, of which 3,907 (85%) were functional (Fig. 7). In silico 

analysis revealed that serotype of NCCP15732 was O6:H16 belonging to phylo-

group A, which is one of major E. coli phylo-groups (Badouei et al. 2015). 

Genomic and phylogenetic characteristics of NCCP15732 were shown in Table. 7. 

Toxin types and colonization factors of NCCP15732 were investigated. 

NCCP15732 possessed both ST and LT enterotoxin. 
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Fig. 7. Subsystem category distribution of NCCP15732. Based on RAST 

analysis, 4,873 coding sequences were detected in NCCP15732, of which 3,907 

(85%) were functional. 
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Table. 7. Genomic characteristics of NCCP15732. 

Strain NCCP15732 

Genome size 4,801,812 

% GC 50.4 

N50 910,848 

L50 139 

Total contigs 988 

Total subsystems 605 

Total CDS 4,873 

tRNAs 18 

Serotype O6:H16 

Toxin type STh + LT 

Phylo-group A 
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Phylogenetic analysis  

 

To compare the genome of NCCP15732, 16 whole-genome sequences of ETEC 

strains were selected as reference strains with same O6:H16 serotype as 

NCCP15732 over a similar time period. E. coli ATCC 25922 (Minogue et al. 2014) 

was used as serotype O6:H1 reference strain to investigate pathogenic 

characteristics of ETEC O6:H16 strains. E. coli NCCP15740 isolated in 2010 from 

diarrheal patients was selected as the same O6:H16 strain in Korea (Oh et al. 2014, 

Kwon et al. 2017). 12 E. coli O6 strains (O6:H16) (Pattabiraman and Bopp 2014, 

Pattabiraman and Bopp 2015) as reference strains had been isolated in the USA 

from 2011 to 2014. Two strains were used as reference strains: E. coli O6:H16: 

CFA/II str. B2C (travelerôs diarrhea) (Madhavan et al. 2014) and E. coli O6:H16 str. 

99-3165 (USA) (Trees et al. 2014). Genomic characteristics of 16 O6 strains were 

summarized in Table. 8. 

 

Whole-genome phylogenetic analysis was constructed from multiple sequence 

alignments of the whole-genome sequence of 17 E. coli isolates (Fig. 8). Whole-

genome phylogenetic tree showed that NCCP15732 belonged to a group of strains 

isolated in 2003-2004, and 2014 from USA. Another strain isolated from Korea, 

NCCP15740 belonged to a group of strains isolated in 2011 from USA. As results, 

two domestic strains clustered with USA strains whereas did not cluster each other 

into a single clade.  
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Fig. 8. Maximum likelihood (ML) tree of whole-genome sequences of ETEC 

O6 strains. The tree was obtained by approximately-maximum-likelihood analysis 

of a concatenated alignment of whole-genomes, using FastTree (version 2.1.7) with 

a GTR (generalized time-reversible) +CAT model. Bootstrap values based on 1,000 

replications are included. Evolutionary time is adjusted to 100. The scale bar 

indicates 2.0 substitutions per site. ATCC25922 strain was out-group. 
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Table. 8. Genomic features of whole genome datasets of ETEC O6 strains.  

Strain Genome (Mb) MLST type Serotype Toxin type CF type 

 E. coli NCCP15732 4.80 ST4 O6:H16 STh+LT CS1+CS3 

 E. coli NCCP15740 5.79 ST4 O6:H16 STh+LT CS2+CS3 

 E. coli O6:H16: CFA/II str. B2C 5.02 ST4 O6:H16 STh+LT CS2+CS3+CS21 

 E. coli O6:H16 str. 99-3165 4.75 ST4 O6:H16 STh+LT CS2+CS3+CS21 

 E. coli O6:H16 str. F5656C1 4.81 ST4 O6:H16 STh+LT CS2+CS3+CS21 

 E. coli strain 2011EL-1370-2 4.81 ST4 O6:H16 STh+LT CS2+CS3+CS21 

 E. coli strain 2011EL-1369-1 4.80 ST4 O6:H16 STh+LT CS2+CS3+CS21 

 E. coli strain 2011EL-1497-2 4.97 ST4 O6:H16 STh+LT CS2+CS3+CS21 

 E. coli strain M9803 4.88 ST4 O6:H16 STh+LT CS2+CS3+CS21 

 E. coli strain 2011EL-1640-5 4.87 ST4 O6:H16 STh+LT CS2+CS3+CS21 

 E. coli strain 2011EL-1251-4 4.88 ST4 O6:H16 STh+LT CS2+CS3+CS21 

 E. coli strain K1506-c2 4.94 ST4 O6:H16 STh+LT CS2+CS3+CS21 

 E. coli strain 2014EL-1181-1 4.95 ST4 O6:H16 STh+LT CS2+CS3+CS21 

 E. coli strain K1884 sc 4.99 ST4 O6:H16 STh+LT CS2+CS3+CS21 

 E. coli strain B1020-2 4.77 ST4 O6:H16 STh+LT CS2+CS3+CS21 
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 E. coli strain F5524-c2 4.88 ST4 O6:H16 STh+LT CS2+CS3+CS21 

 E. coli strain ATCC25922 5.20 ST73 O6:H1 None None 
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Virulence factor analysis  

 

To determine the casual mechanisms of pathogenicity, virulence factors in 

NCCP15732 and those of the reference strains were compared (Appendix 3). These 

strains except non-ETEC O6 strain ATCC25922 harbored total 163 virulence 

factors classified into 25 categories and 57 subcategories. NCCP15732 harbored 

155 of these 163 virulence factors (95%). Most virulence factors were included in 

adherence, iron uptake, invasion and secretion system and these factors are the 

main contributors to ETEC diarrhea (Guerra et al. 2014) (Fig. 9).
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Fig. 9 Dendrogram and heatmap of 16 ETEC O6 strains according to virulence factors. The dendrogram and heatmap were generated on 

the basis of gene presence/absence considering major virulence factors, using R version 3.4.3. Grey color indicates gene presence, white gene 

absence. Pathogenicity of two domestic strains were different.   
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Figure 5. Whole-genome ETEC O6 phylogenetic

tree and hierarchical clustering of virulence factors.

Phylogenetic trees were generated based on

whole-genomes (a) Evolutionary time is adjusted

to 100. A lower value means that it has been

relatively recently branched. The scale bar

indicates 2.0 substitutions per site. The cluster in

whole-genome phylo genetic tree showed that two

strains (NCCP15732 and NCCP15740) isolated

from Korea belonged to different group. Major

virulence factors of ETEC O6 strains (b). The

heatmap were generated on the basis of gene

presence/absence considering major virulence

factors, using R version 3.4.3. Grey color indicates

gene presence, white gene absence.

(a)
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In adherence and auto transporter categories, eight potentially functional systems: 

CFA/I fimbriae, ECP (E. coli Common Pilus), EaeH, etpA, Type I fimbriae, Curli 

fimbriae, AIDA-I type and fimZ were found in virulence factors of ETEC O6 

strains and these systems are known to be produced by pathogenic E. coli (Table. 

9). Especially, ibeB, etpA and fimZ, are non-classical virulence factors known to 

contribute to diarrhea (Guerra et al. 2014), were found. NC CP15732 has ibeB and 

fimZ but not etpA. 

 

 

Table. 9. Adherence system encoded by ETEC O6 strains genome. 

Adherence system Gene or Genes cluster 

Curil fimbriae csgDEFG, csgBA 

ECP (E. coli Common Pilus) ecpRBCDE 

EtpA adhesin etpA 

EaeH adhesin eaeH 

CFA/I fimbriae ibeBC 

AIDA -I autotransporter aatA, cah and ehaB 

Fim fimZ 

Type I fimbriae fimEFGHI 
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Among major virulence factors, two major enterotoxins, i.e., a heat-labile toxin 

(LT) and a heat-stable toxin (ST), induce watery diarrhea in ETEC. The LT toxin 

are encoded by the eltA and eltB gene. Another enterotoxin, ST toxins are classified 

into two types, STh encoded estA and STp encoded st1 (Nataro and Kaper 1998). 

NCCP15732 carried both eltA and eltB enterotoxins. All of the ETEC O6 strains 

had eltA gene and STh toxin type but half of the ETEC O6 strains had eltB gene. 

Among all of 16 strains, CS2+CS3+CS21 was the most prevalent combination of 

colonization factors. CS21 was detected in 14 (88%) out of the 16 ETEC strains, 

but was not detected in two strains: both NCCP15732 and NCCP15740 isolated in 

Korea. In summary, 16 ETEC O6 strains carried both LT and ST enterotoxins. 

 

In relation to toxins, enterobactin synthesis (entABCE and entF) and ferric-

enterobactin tansport (fepABCDG) were present in all of the ETEC O6 strains. 

However, enterobactin is frequently produced by symbiotic E. coli isolated from 

healthy mammals (Searle et al. 2015). And these ent and fep genes were also found 

in virulence factors of non-ETEC ATCC25922 (data not shown). Thus, Pi et al. 

provide that intestinal bacteria play an important role in the colonization of healthy 

mouse gastrointestinal tract by pathogenic E. coli (Pi et al. 2012). Alpha-hemolysin 

related gene (hlyA) which plays a major pathogen role in pathogenic E. coli strains 

was present in all of 16 ETEC strains. And Invasion systems, Tia were found in 

NCCP15732 and presence of these gene was common in the ETEC O6 strains 

(11/16).  
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In comparison of the non-ETEC O6 strain ATCC 25922 and other strains, 

ATCC25922 strain had 202 virulence factors and 135 of these virulence factors of 

ATCC 25922 were found in all of ETEC O6 strains. Thus 28 virulence factors 

related to pathogenicity of ETEC O6 strains were identified (Table. 10). 

 

Venn diagram of virulence factors of the two domestic strains, i.e., NCCP15732 

and NCCP15740 in Korea and non-ETEC ATCC25922 were obtained using 

InteractiVenn (Heberle et al. 2015). A total of 125 genes encoding E. coli common 

pilus (ECP) proteins, flagella-biosynthetic proteins, enterobactin transport proteins 

and ipaH related TTSS effectors secretion system were found in three strains (Fig. 

10). Compared with NCCP15732 and NCCP15740 isolated from diarrheal patients 

in Korea, wza related Capsular polysaccharide, aatA related auto transporter and 

most of genes related secretion systems were found in both strains. Comparing 

NCCP15740 and ATCC25922, NCCP15732 had two unique virulence genes: fimZ 

related adherence system and tia related invasion system. Interestingly, two genes 

are non-classical virulence factor known to contribute to diarrhea (Guerra et al. 

2014).
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Table. 10. Major virulence factors of ETEC O6 strains. 

Category Subcategory Gene 

Adherence EtpA etpA 

Antiphagocytosis Capsular polysaccharide wza 

Autotransporter AatA, AIDA -I type aatA 

Fimbrial adherence determinants Fim fimZ 

Invasion Tia/Hek tia 

Non-LEE encoded TTSS effectors EspL4 espL4 

Non-LEE encoded TTSS effectors EspR1 espR1 

Non-LEE encoded TTSS effectors EspX1 espX1 

Non-LEE encoded TTSS effectors EspX4 espX4 

Non-LEE encoded TTSS effectors EspX5 espX5 

Others VirK  virK 

Regulator AggR aggR 

Secretion system EPS type II secretion system gspD 

Secretion system T2SS (Type II secretion system) gspC 

Secretion system T2SS (Type II secretion system) gspE 

Secretion system T2SS (Type II secretion system) gspF 

Secretion system T2SS (Type II secretion system) gspG 

Secretion system T2SS (Type II secretion system) gspH 

Secretion system T2SS (Type II secretion system) gspI 

Secretion system T2SS (Type II secretion system) gspJ 

Toxins Heat-labile enterotoxin eltA 

Toxins Heat-labile enterotoxin eltB 

Type I secretion system ABC transporter for dispersin aatB 

Type I secretion system ABC transporter for dispersin aatD 

Type I secretion system ABC transporter for dispersin aatP 

Type VI secretion system ACE T6SS aec30 

Type VI secretion system ACE T6SS aec31 

Type VI secretion system ACE T6SS aec32 
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Fig. 10. Comparison of virulence factors of NCCP15732, NCCP15740 and 

non-ETEC strain ATCC25922. NCCP15732 had two unique non-classical 

virulence genes: fimZ related adherence system and tia related invasion system. 

Whereas NCCP15740 did not harbor unique gene. 
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Chapter 3. Comparative genomic analysis of enterotoxigenic 

Escherichia coli O169 strains 

 

Genomic analysis 

 

  The NCCP15735 genome size was 5,001,083 bp with 50.3% G+C content. 

Based on RAST analysis, 4,761 coding sequences, 28 tRNA genes and 5 rRNA 

genes were detected in NCCP15735, of which 2,792 (59%) were functional (Fig. 

11). In silico analysis revealed that the NCCP15735 serotype was O169:H41 and 

belonged to the phylo-group F (Clermont et al. 2013). Genomic and phylogenetic 

characteristics of NCCP15735 were shown in Table. 11.
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Fig. 11. Subsystem category distribution of NCCP15735. Based on RAST 

analysis, 4,761 coding sequences were detected in NCCP15735, of which 2,792 

(59%) were functional. 
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Table. 11. Genomic characteristics of NCCP15735. 

Strain NCCP15735 

Genome size 5,001,083 

% GC 50.3 

N50 60,074 

Total contigs 319 

Total subsystems 248 

Total CDS 4,761 

rRNAs 5 

tRNAs 28 

Serotype O169:H41 

Toxin type STp 

Phylo-group F 
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Phylogenetic analysis  

 

  To infer evolutionary relationships among ETEC O169:H41 strains, 15 whole-

genome sequences of ETEC strains reported as O169:H41 isolated over a similar 

time period were selected. The 11 E. coli O169 strains had been isolated globally 

from 1980 to 2011 (von Mentzer et al. 2014). 2014EL-1345-2 and F6326 were 

isolated from patients in the United States (Smith et al. 2018). Two additional 

strains, F9792 and F8111-1SC3 were used as reference isolated ETEC outbreaks in 

United states (Beatty et al. 2004, Devasia et al. 2006, Smith et al. 2018). Genomic 

characteristics of 16 O169 strains were summarized in Table. 12.  

 

Whole-genome phylogenetic analysis and MLST-based phylogenetic analysis 

were performed of sequence of NCCP15735 and 15 E. coli reference strains (Fig. 

11). E. coli O169 strains had simply phylogenetic relationships, according to both 

whole-genome and MLST data. The whole- genome phylogeny showed that strains 

isolated from same country did not cluster each other (Fig. 12). These results were 

inferred to be due to the similarity of 16 strains with same MLST type and 

serogroup. In the MLST-based phylogeny, all isolates except E520 strain with 

unknown CF types were clustered into a single clade (Fig. 13).  




