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ABSTRACT

Comparative genomic analysis of
enterotoxigenid&scherichia colstrains isolated

from diarrheal patients in Korea

Siyun Chung
School of biological sciences
The graduate school

Seoul NationalUniversity

Enterotoxigenic Escherichia coli (ETEC) is a common cause of bacterial
infection leading to diarrhe&TEC isdefined by the ability to produa@nteraoxin,
a heafabile toxin (LT) and/or headtable toxin (ST. ETEC harbors one or more
cell adhesion factors called colonization factors(CFs) to colonize on epithelial cells
of intestinal surfaces of hosis. a previous stud@58 ETECisolates from patients
with diarrhea in Korea were analyzalout CFs and multbcus sequence typing
(MLST). ST171 (24%) was identified as the most prevalent ETEC type iraKore
followed by ST955, ST964 an&T656. However, genomic and pathogenic
characteristics of major MLST type of ETEC in Korea had not yet been

investigated.



In this study, wholeggenome sequencing was performed to reveal the genomic
characteristics of five predominant MLST types of ETEC isolatdsorea during
20032011: E. coli 0159 NCCP15731 and NCCP15733 (ChapterEl)coli O6
NCCP15732 (chapter 2. coli 0169 NCCP15735 (chapter 3) akd coli 025
NCCP15741 (chapter 4). Moreoveq identify their pathogenic characteristics,
comparative genomic analysis was performed among same serotypes including

reference ETEC strains reported over a similar time period.

In summarynew knowledges oETEC strains in Korea were founBomestic
ETEC hadunique genesand their combinatios of colonization factorswith
enterotoxin typewere consistentwith that of globally distribute&€TEC isolates
This thesispresents a basic study to understand the biological functions of ETEC

pathogenicity and Korean specific pathogens

Key words: pathogenWhole-genome sequencing, comparative genomic analysis,

Escherichia coli ETEC, virulence factor, MLST
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INTRODUCTION

EnterotoxigenicE. coli (ETEC) is a common cause of bacterial infectitrat
leads © diarrhea in ifants, young children and trdee in developing countries
(Wenneras and Erling 2004, Organization 200Bgcause ETEC outbreaks are
gained by consuming contaminated food or water, food contamination is an
important cacern for public healtfiGomezAldapa et al. 2013, Shiet al. 2016)

In Korea,outbreakof foodborre or waterborne diseases by ETE@sthe second
most common ofE. coli outbreaks in 20140h et al. 2015)For examples, a
massive ETEC outbreak reported in Korea in 2012 was dausd&TEC 0169

(Shinet al. 2016)

ETEC isdefined by the ability to produaenterdoxin, a heatlabile toxin (LT)
and/or heastable toxin (STincluding STh and STp), that cdisturb the intestinal
secretory state, thereby causing watery tearof infected patient§Nataro and
Kaper 1998, Qadet d. 2005, Fleckensteiat al. 2010)While STh is produced by
ETEC isolated from humans, STp originally found in pig ETEC is also associated
with disease in human@odlin et al. 2006) ETEC harborsone or more cell
adhesion factors called colonization fact(@$s) to colonize on epithelial cells of
intestinal surfaces of hosts. Currently, more than 30 colonization factors (CFs) have
been identified in human ETEC, and-expressed with one, two orréde CFs
and/or toxic factorssuch as CS1 + CS3 (NCs21) wi t h

(NCcs21) with LT + STh, CS5 + CS6 with LT



with STh aad CS7 with LT, globallfGaastra and Svennerholm 1996, Svennerholm

and Lundgren 2012, vo Mentzeret al. 2014)

Phylogenetic aalysis is an importanfor investigating the evolution and
diversity of E. coli and ewaluating bacteriapathogeitity (Clermontet al. 2013).
Most commensal and pathogegccoli strains belongdto phylo-groups Aand B1
(EscobaParamo et al. 2004, Badousti al. 2015)and about 90% of foodboesrE.
coli isolatesin Koreabelonged tophylo-groups A and B1 (Kooet al. 2012) In
recent studiegesuls of wholegenome sequencing of goresentative collection of
ETEC isolaked globally showed that they shagedistinct colonization factors and
enterotoxin profileand wee divided intophylo-groups (von Mentzeret al. 2014).
This sugjests that researching lotgrm ETEC clades cdind a combimtion that
optimizes fitnas and transmissibility, andaffect the tracking and prevention of

ETEC disease.

Up to now, a lot of researches about new colonization factorplayldgenetic
analysis amongaihogens with the same serotypmve been repted (Hazen et al.
2017, Kwonet al. 2017, Von Mentzeet al. 2017). Howevedespite many ETEC
pathogerstudies in each countrihere have beelimited such study conductezh
the pathogenicity of ETEC outbreaks in Korea and comparative analysis with
ETEC distributed globally. Therefe, it is required to study pathogen by revealing
specific characters of ETEC in Korea because thesatswill provide important
information for the development of an ETEC vaccine candidate and play a key role

in increasing public health.



Recently 258ETEC solates from patients with diarrhea in Korea were analyzed
about CFs and multocus sequence typing (MLSTPDh et al. 2014) 65 different
MLST types were identified from domestic human ETEC isolates and ST171 (24%)
wasthe most prevalent MLSType of domestic ETECfollowed by ST955, ST964
and ST656NCCP15740 (Kworet al. 2017), representing timeajor MLST type
ST171 of ETEC in Korea, wasvestigated about genomic features, CF genes, and
virulence fctors. However, other MLST types have neetb investigatedn this
study, wholegenome sequencing was performed to reveal the genomic
characteristics dfive predominant MLST typesf ETEC isolates in Krea(Table.

1),

Comparative genomic analysis was perfornagtbng same serotypes including
reference ETEC strains reported over a similar time pefiodoli 0159 NCCP157
31 and NCCP15733 (Chapter E), coliO6 NCCP15732 (chapter &, coli0169
NCCP15735 (chapter 3pnd E. coli 025 NCCP15741 (chapter .4pearching
essential geneamong the same serotypedl suggest effective method for the
prevention and treatment of ETEC outbreaks. In addifinding unique virulence
genes in Korea will be importaninformation forunderstanding thpathogenicity

of domestic ETEC.



Table. 1.Enterotoxigenic Escherichia coliisolates studied in this thesis.

Genome Size GenBank

Strain MLST type Serotype (Mbp) Accession
NCCP15731 ST964 0159:H34 4.66 QICG00000000
NCCP15732 ST955 O6:H16 4.8 -
NCCP15733 ST656 0159:H34 4.64 QICF00000000
NCCP15735 ST737 0169:H41 5 -
NCCP15741 ST949 025:H16 4.71 -

* In silico serotyping oE. coliisolates was performed using SerotypeFinder
(version 1.1)Joensen, Tetzschner et al. 2015)

* O n.i.: not identified



MATERIALS AND METHODS

Bacteria and Strainisolation

All sampleswere isolated from diarrhegatients using MacConkey agar and
Trypticase Soy Broth containing vancomyaoandidate colonies d&. coli strains
were identified based on phenotypes and biochemicglerties using the API20E
system (Bi omer i eux, ThMigalatey strdind Wdareodepostied Fr anc
in the National Culture Collection for Pathogens (NCCP) under the registration
numbers NCCP1573INCCP15732, NCCP15733, NCCP15735 and NCCP15741.
Five E. coli strainswereidentified as five major MLST typesf ETECin Korea

(Ohetal. 2014)

Whole genome sequencing, assembly and annotation

A sequencing library was created using TruSeq sample preparation kit (lllumina,
San Diego, CA, USA). Wholgenome sequencing dive ETEC strains was
performed using the lllumina HiSeq 2000 platform (Theragen Etex Bio Institute,
Suwon, Republic of Koreal.ow-complexity reads, quality scores <Q28 well as
duplicate reads werdeleted SOAPde novo (version 1.05)Li et al. 2010)was
used to assemble higjuality reads Assembled contigs okach strainswer
eannotatedising the Rapid Annotation using SyBten Technology (RAST

version 4.0YAziz et al. 2008%erver pipeline



Genomic analysis

In silico SerotypeFinde(version 1.1)YJoenseret al. 2015)wasused to identify
serotype of fivestrains. Colonization factors andulti-locus sequence typing
(MLST) were identified using CF primefRodas et al. 2009, Liat al. 2017)nd
E. coli MLST databaséWirth et al. 2006) The seven MLST genes weaidk, fumC,
gyrB, icd, mdh, purAandrecA from ETEC strais. The primer sequences using
this thesis were listed in Table.Zhe same method aescribed by Clermont et.al
(von Mentzeret al. 2014)Wwas performedn silico to identify E. coli phylo-groups
(A, B1,B2, D, E and F)usingprimersearch program fromelEuropean Molecular

Biology Open Software SuitEMBOSS)(Riceet al. 2000)



Table. 2 Primers used inthis thesis.

Target Gene SequencdF: 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

CS5H 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

7



CS13

CS14

CS15

CS17/19

CS18

CS21

cshE

csuAl

nfaA

csbA
csdA

fotA

IngA

R: TGTGGGGTCACAGTTTACCA
F: GGGACTGCCACAATGAATTT
R: CAGCACCACCTGCTGATTTA
F: TTTGCAACCGACATCTACCA
R: CCGGATGTAGTTGCTCCAAT
F: CGAAATTGGACAAGCGATG

R: TCCAGCAGGGATATTATTCG
F: CGGTGCGTTTAACACAGCTA

R: CTCAGGCGCAGTTCCTTGT

F: ATCCGTCAGGTGTTTGTGGT

R: CACCTGAATTCCTCGACAGG

F: TCATGAGCCTGCTGGAAGTTATCA
R: TCCGGCTACCTAAAGTAATTGAGT

178

162

130

195

362

617




Phylogenetic analysis

Reference ETEC strains with the same &otypeas each ofive domestic
strains used this study were collected phylogenetic analysisThese reference
strains have beedsolatedglobally over a similar time periodAssembly sequences
of reference straiwere obtained from NCBI anillumina short reas of reference
strain were obtained from NCBI Sequence Read Archive (SRM)e Accasion
numbes were subscriped in Appendix 1 De novoassembes of their lllumina
short reading framevere performed with Spades (version 3.5(Bpankevichet al.

2012)

To identify evolutionary relationship witleach ofstrainsand reference strains
with same O serotype, phylogenetic analysis was perforMedtiple sequence
alignmentsobtained fromwhole genomesequences of each ETEC strains were
performed with Mugsy(version 1.2.3)(Angiuoli and Salzberg 2010)The
generalizedtime reversible + CAT mode(Stamatakis 2006was usedfor
maximumlikelihood phylogenetic treeonstructionusing FastTree (version 2.1.7)

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

http://tree.bio.ed.ac.uk/softwarfigtree/).

In order to exclude the effect of HGT in phylogenetic analysis, dudtis
sequence analysis method was ugdthnet al. 2008, Glaeser and Kampfer 2Q15)
Seven housekeeping geneslK, fumC, gyrB, icd, mdh, purAndrecA) from each

ETEC isolates were obtained according to the protocol descrilleddoli MLST


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

databas€Wirth et al. 2006) Housekeeping genesgere selected from the E. coli

database at the MLST sitgnttp://mlist.warwick.ac.uk/mist/dbs/Ecoli/documents/

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

created using the method employed for wkggaome phylogenetic analysis.

Virulence factor analysis

To identify the genes encoding virulence factors, the total GD#ge domestic
ETEC strains and referenstrainswere analyzed using blastp against the virulence
factor genes oE. colilistedin VFDB (bacterial virulence factors databasédh an

e-valueof 1e-5 (Chenet al. 2005)Geneswith coverage at leas0%were selected

10


http://mlst.warwick.ac.uk/mlst/dbs/Ecoli/documents/%20primersColi_html)
http://mlst.warwick.ac.uk/mlst/dbs/Ecoli/documents/%20primersColi_html)

Table. 3. Forward and reverse sequences of MLSprimers.

Gene (function) Primer sequence (53") (F: forward, R: reverse) grznepl(lgg;

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)

11



RESULTS

Chapter 1. Comparative genomic analysis of enterotoxigenic
Escherichia coliO159 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 antRN8 genes were
detected igenome of NCCP15731, of wihi&,855 (87%) were functionéFig. 1).

A total number of 4,369 coding sequences andRI8A genes were detected in
genome of NCCP15733, of which 3,852 (88%) were functi@rig. 2. In silico
analysis revealed that serotyp# both NCCP15731 andNCCP15733 was
0O1%:H34 belonging tophylo-group A, one of majorE. coli phylo-groups
(Badoueiet al. 2015) Genomic and phylgeneticcharacteristics of NCCP15731
andNCCP15733vere summarizeih Table 4. Toxin typeand colonization factors
of NCCP15731 and NCCP1573&re investigatedBoth NCCP15731 and NCCP

15733 possessed ST enterotoxin but not LT enterotoxin.

12



Subsystem Category Distribution Subsystem Feature Counts

Cofactors, Vitamins, Prosthetic Groups, Pigments (277)
Cell Wall and Capsule (264)

Virulence, Disease and Defense (118)
Potassium metabolism (26)
Photosynthesis (0)

Miscellaneous (62)

Phages, Prophages, Transposable elements, Plasmids (56)
Membrane Transport (223)

Iron acquisition and metabolism (23)
RNA Metabolism (247)

Nucleosides and Nucleotides (146)
Protein Metabolism (256)

Cell Division and Cell Cycle (36)

Motility and Chemotaxis (76)

Regulation and Cell signaling (152)
Secondary Metabolism (25)

DNA Metabolism (111)

Fatty Acids, Lipids, and Isoprenoids (130)
Nitrogen Metabolism (63)

Dormancy and Sporulation (5)
Respiration (185)

Stress Response (177)

Metabolism of Aromatic Compounds (22)
Amino Acids and Derivatives (375)

Sulfur Metabolism (58)

Phosphorus Metabolism (52)
Carbohydrates (690)

Fig. 1. Subsystem category distribution of NCCP15731Based on RAST
analysis, 4,435 coding sequences were detected in NCCP15731, of y886h 3

(87%) were functional.
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Y Category Distr| Subsystem Feature Counts

Cofactors, Vitamins, Prosthetic Groups, Pigments (281)
Cell Wall and Capsule (259)

Virulence, Disease and Defense (108)
Potassium metabolism (28)
Photosynthesis (0)

Miscellaneous (62)

Phages, Prophages, Transposable elements, Plasmids (78)
Membrane Transport (184)

Iron acquisition and metabolism (21)
RMA Metabolism (247)

Nucleosides and Nucleotides (145)
Protein Metabolism (247)

Cell Division and Cell Cycle (38)

Motility and Chemotaxis (80)

Regulation and Cell signaling (147)
Secondary Metabelism (25)

DNA Metabolism (113)

Fatty Acids, Lipids, and Isoprenoids (129)
Nitregen Metabelism (75)

Dormancy and Sporulation (5)
Respiration (184)

Stress Response (182)

Metabolism of Aromatic Compounds (6)
Amino Acids and Derivatives (366)
Sulfur Metabolism (S8)

Phosphoerus Metabolism (52)
Carbohydrates (732)

[cNc)

@

u
u
u
=] ]
u
u
u

Fig. 2 Subsystem ctegory distribution of NCCP15733. Based on RAST
analysis, 869 coding sequences wetletected in NCCP15733, of which832

(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 0O159:H34 O159:H34
Toxin type STh STh
Phylo-group A A

15



Phylogenetic analysis

Phylogenetic comparison of candidate genes, implemented in $&&Dbeek
et al. 2013)showel thatbothNCCP15731 and NCCP15733 rgemost close t&.
coli 0O157:H7 str. 88467 (score 531 and 530 respectively. 12 E. coli 0159
strains were selectexs reference strains with the sa@eerotype as NCCP15731
and NCCP15733Thesel2 E. coli O159 strains have beeisolatedglobally from
1980 to 2011(von Mentzeret al. 2014)Their genomicfeatureswere showm in

Table 5.

Whole-genome phylogenetianalysis andMLST-based phylogenetic analysis
wereperformedof sequence dNCCP15731, NCCP15733 ad@ E. colireference
strains Whole-genome phylogenetic tree showed that NCCP157%81d
NCCP15733belonged togroup A and both of two strains were closer toE.
coli O159H34 str. E159 with sequence typef ST218 (Fig. 3). Seven strains
belonging tophylo-group B1 clusered into a single clade andeven strains
belonging tophylo-group A clustered into a single cladéloweve, in MLST
phylogenetic analysiqhylo-group A clustered it a single clade wheregshylo-
groupB1 did notcluster(Fig. 4). E. coli E159 strain was placed in a single clade

with NCCP15731 and NCCP15733 in whoglenome and MLST phylogenetic tree.

16



Table.

5 Genomic features of vinole genome datasets &@TEC O159strains.

Strain Genome(Mb)  Phylo-group  MLST type Serotype Toxin type CF type*
E. coliNCCP15731 4.66 A 218 0159:H34 STh CF NEG
E. coliNCCP15733 4.64 A 218 0159:H34 STh CF NEG
E. coliE159 4.95 A 218 O159:H34 LT CF NEG
E. coliE133 4.89 A 10 0O159:H4 LT+STp CS12
E. coliE1532 4.83 A 10 0O159:H4 LT CF NEG
E. coliE1573 4.95 A 10 0O159:H4 LT CF NEG
E. coli E1679sc 4.95 A 10 0159:H4 LT+STp CS12
E. coliE391 491 B1 641 0O159:H21 LT CF NEG
E. coliE833 5.09 B1 641 O159:H34 LT CS28a
E. coliE885 4.96 B1 641 0O159:H21 LT CF NEG
E. coliE1640 5.01 B1 641 O159:H34 LT+ST CF NEG
E. coliE5085 5.06 B1 1490 0O159:H34 STp CS6
E. coliE5088 5.07 B1 1490 0O159:H34 STp CS6
E. coliE5051 5.25 B1 295 O159:H18 LT CS6

'CENEG : CF "negative"
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Fig. 3. Maximum likelihood (ML) tree of whole-genome sequences &TEC
0159 strains. The tree was obtained byp@aroximatelymaximumlikelihood
analysis of a concatenated alignment of wlygaomespusing FastTree (version
2.1.7) with a GTR (generalized tinnevessible) +CAT model. Bootstrap values
based on 1,000 replications are includédolutionary time is adjusted to 10Dhe
scale bar indicates 2.0 substitut® per siteThe majorE. coli phylo-groups are

indicated.
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Fig. 4 Maximum likelihood (ML) tree of MLST sequences of ETEC 0159
strains. The tree was obtained by approximateigximunilikelihood analysis of a
concatenated alignment néicleotide sequences of seven MLST ggae&, fumC,
gyrB, icd, mdh, purAandrecAh), using FastTree (version 2.1.7) with a GTR
(generalized timeeversible) +CAT model. Bootstrap values based on 1,000
replications are includedzvolutionary time is adjusted to 100he sale bar

indicates 2.0 substitutis per site.
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Virulence factor analysis

The acquisition of virulence factors has been suggested to be a major driving
force for ETEC pathogenicityTurner et al. 2006, Crossma 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 surfac
structures. Subsequentbgherent ETEC elaborates enterotoxins that cause typical
clinical manifestations of ETE@duced darrhea. Thusyirulence factorsan be

used as important guide fondersanding their pathogenicity.

Virulence factors of NCCP15731 and NCCP15733 were investigated and these
factors were compared with thosé 12 O159 strainsA total of 222 virulence
factors grouped into 28 categories and 74 suboatsgwere identifiedAppendix
2). Among these factord25virulence factos werefound in all of 14ETEC strains.
Each of NCCP15731 and NCCP1573%&d 150 (67.6%)of these 22%irulence
genes respectively They had the least numbof virulence factoramong 14E.
coli strains used in this studyn silico analysis revealed that major virulence
factors belonged to the following six categories: adherence,ti@tsporter, iron
uptake, norLEE encoded TTSS effectors, toxin, and secretion system
Hierarchtal clustering based on the presence or absence omaps virulence
genes was constructed using R (version 3(#ig) 5 (Team 2013)Phylo-groupA
and B1 strans completely clusteredach other. These results suggest that virulence

factors were related with phyigroup.
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Fig. 5. Hierarchical clustering of 16 ETEC strains according to virulence factorsThe dewnlrogram and associated heatmapesgenerated
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Blue color indicates strains belongingpioylo-groupA, and grey color indicates belonginggbylo-groupB1.
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In adherence and autoatrsporter categories, sevetentially functional
systems ECP,EaeH Type | fimbriae, Curli fimbriae, Stg fimbriae, AIDAtype
and UpaG were found. Theseufictional systemsre known to be produced by
pathogenic. coli (McWilliams and Torre2014 andsuggest thaability of ETEC
to attach to the host surface is the most important step in successful colonization
(Antdo, Wieler et al. 2009)Three virulence factorpépX, upaH,and espC)in
these categoriesere only found irphylo-group A while espCwas only identified
in NCCP5731 and NCCP15733. ConverselyaAauto transporter gene and stg
fimbriae systemsvere only found irphylo-groupBL1. It is known that stg fimbriae
systems contribute to the attachment of human epithelis. They areassociated

with phylo-groupB1 (Lymberopoulost al. 2006)

Regarding toxins, enterobactin synthesentABCE and ferricenterobactin
tansport {epABCG were present in all of the O159 strains. Alftganolysin
related genehlyA) plays a major pathogen role in ETEC and other pathodgnic
coli strains(Burgos and Beutin 2010)t was present in all O159 strains. Heat
labile enterotoxin(LT), i.e., eltA(10/14, 71.%6) andeltB (7/14, 50.06) were found
in 0159 straingLasaroet al.2008) However, none of these hdabile 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 identityNA, five genomes ophylo-groupA
located in the same lineage as NCCP15731 and NCCP15733 were compared each
other using ANIu calculatafyoon et al. 2017)Results indicated that NCCP15731
was most similar to NCCP15733, with OrthoANIu value of 99.97% (Tab)le
Both NCCP15731 and NCCP15733 were most simil&. tooli 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 USEARCHNumbers
indicate OrthoANluvalue (%) and Numbers in parentheses indicate the genome

coverage (%)

NCCP15731 NCCP15733 E159  E133  E1532
99.97 9990 9915  99.23
NCCP15731 / (73.04)  (72.79) (68.37)  (67.29)
99.97 99.91 9918  99.15
NCCPIST33 (7101 / (73.34)  (70.64)  (68.57)
150 99.90 99.91 / 98.99  99.00
(62.93) (65.03) (72.80)  (70.40)
c13a 99.15 99.18  98.99 / 99.87
(59.53) (63.08)  (73.32) (73.95)
99.23 99.15  99.00  99.87
E1532 (59.38) (62.06)  (71.87) (74.95) /
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Venn diagram othe virulence factors of the fivetrans in phylo-group A was
obtainedusing InteractiVenrfHeberleet al. 2015) Theycommonlyhad137 genes
encoding E. coli comma pilus(ECP) proteins, flagelldiosynthetic proteins,
enterobactin transport proteins and proteins rel@yge Il secretion system (Fig.

6). Comparison of NCCP15731, NCCP15733, and E159 (the most recent common
ancestor of NCCP15734nd NCCP15733) showed thiiree strainscommonly

had 142 genes. Plugoth of NCCP15731 and NCCP1573i&d two genesespC

gene related auttvansporter an@rgA gene encoding bsa T3SS secretion system.
Compared to NCCP15733 and E159, NCCP15731 had three unique virulence
genes:aatA encoding autaransporterprotein, aatB encoding ABC transporter
protein, andiagB encoding TTSS related secretion system. Compared to
NCCP15731 and E159, NCCP15733 had two unique virulence gepsesand

rmlA encoding capsular polysaccharide. However, these two unique genesoivere
found in othefE. coli 0159 reference strains. In enterobactin synthesis of virulence
systems.entF gene was found in NCCP15731, but not in NCCP15733 whereas

entDgene was found in NCCP15733, but not in NCCP15731.
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Fig. 6. Comparison of virulence factors of fiveETEC strains in phylo-group A.
NCCP15731 hadhree unique virulence genesatA encoding autaransporter
protein,aatB encoding ABC transporter protein, aiadB encoding TTSS related
secrdion system.NCCP15733 hadwo unique virulence genegpsAand rmiA

encoding Capsular polysaccharide.
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Chapter 2. Comparative genomic analysis of enterotoxigenic
Escherichia coliO6 strains

Genomic analysis

The NCCP15732 genome size was 4,801,812 bp @itl® contentof 504%.
Based on RAST analysis, 583 coding sequences and 18&RNA genes were
detected in NCCP1523 of which 3,907(85%) were functionalFig. 7). In silico
analysis revealed thaerotype of NCCP15732 was O6:Hthélondngto phylo-
group A, which is one of majorE. coli phylo-groups (Badoueiet al. 2015)
Genomic and phylogenetcharacteristics of NCCP15732 r@eshown in Table..7
Toxin types and colonization deors of NCCP15732were investigated.

NCCP1573%0ssessed both ST abfl enterotoxin
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Subsystem Category Distribution Subsystem Feature Counts

Cofactors, Vitamins, Prosthetic Groups, Pigments (284)
Cell Wall and Capsule (277)

Virulence, Disease and Defense (105)
Potassium metabolism (29)
Photosynthesis (0)

Miscellaneous (63)

Phages, Prophages, Transposable elements, Plasmids (33)
Membrane Transport (185)

Iron acquisition and metabolism (21)
RNA Metabolism (243)

Nucleosides and Nuclectides (144)
Protein Metabolism (249)

Cell Division and Cell Cycle (40)

Motility and Chemotaxis (129)

Regulation and Cell signaling (155)
Secondary Metabolism (25)

DNA Metabolism (132)

Fatty Acids, Lipids, and Isoprenoids (132)
Nitrogen Metabolism (74)

Dormancy and Sporulation (5)
Respiration (186)

Stress Response (180)

Metabolism of Aromatic Compounds (3)
Amino Acids and Derivatives (377)

Sulfur Metabolism (55)

Phosphorus Metabolism (52)
Carbohydrates (729)

Fig. 7. Subsystem ctegory distribution of NCCP15732 Based on RAST
analysis, 4,873o0ding seqgances were detected in NCCP15732, of which 3,907

(85%) werefunctional.
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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 0O6:H16
Toxin type STh+LT
Phylo-group A
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Phylogenetic analysis

To compare the genome of NCCP15732, 16 wieleome sequences of ETEC
strains were select® as reference strains witiame O6:H16serotype as
NCCP15732ver a similar time periad. coli ATCC 25922(Minogueet al. 2014)
was used as serotype OG6:Hteference strain to investigate pathompen
characteristics 0ETEC O6:H16 strain<E. coli NCCP15740solated in 2010 from
diarrhealpatiens was selected as the same O6:H16 strain in K@ébeetal. 2014,
Kwon et al. 2017)12 E. coli O6 strains (O6:H16]jPattabiraman and Bopp 2014,
Pattabiraman and Bopp 201&3 reference strains had bedsalated in the USA
from 2011 to 2014Two strains were used as reference strathscoli O6:H16:
CFA/lls t r . B2 C (tr @adbdvaset a. 2014kand& . rcoliD@&HLY str.
99-3165 (USA)(Treeset al. 2014) Genomiccharacteristicef 16 O6 stains were

summarized in Table..8

Whole-genome phylogeneticnalysis was constructed fromultiple sequene
alignments of thavholeegenome sequence of E coliisolates (Fig. § Whole-
genome phylogenetic tree showed that NCCP15732 belonged to a group of strains
isolatedin 20032004, and 2014 from USA. Another strain isolated from Korea,
NCCP15740 belonge a group of strains isolated in 2011 from U3&.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
06 strains. The tree was obtained by approximateigximumlikelihood analysis

of a concatenated alignment of whgienomes, using FastTree (version 2.1.7) with
a GTR (generalized timeaversible) +CAT model. Bootstrap values based on 1,000
replications are includedEvolutionary time is adjusted to 100he <ale bar

indicates 2.0 substitutits per siteATCC25922 strain was ogroup.
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Table. 8 Genomic features of winole genome datasets &TEC O6 strains.

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

E. coliNCCP15732 4.80 ST4 O6:H16 STh+LT CS1+CS3

E. coliNCCP15740 5.79 ST4 0O6:H16 STh+LT CS2+CS3

E. coliO6:H16:CFA/II str. B2C 5.02 ST4 0O6:H16 STh+LT CS2+CS3+CS21
E. coliO6:H16 str. 998165 4.75 ST4 0O6:H16 STh+LT CS2+CS3+CS21
E. coliO6:H16 str. F5656C1 4.81 ST4 O6:H16 STh+LT CS2+CS3+CS21
E. colistrain 2011EE13702 4.81 ST4 O6:H16 STh+LT CS2+CS3+CS21
E. colistrain 2011EE13691 4.80 ST4 O6:H16 STh+LT CS2+CS3+CS21
E. colistrain 2011EE1497-2 4.97 ST4 O6:H16 STh+LT CS2+CS3+CS21
E. colistrain M9803 4.88 ST4 06:H16 STh+LT CS2+CS3+CS21
E. colistrain 2011EE16405 4.87 ST4 0O6:H16 STh+LT CS2+CS3+CS21
E. colistrain 2011EE12514 4.88 ST4 0O6:H16 STh+LT CS2+CS3+CS21
E. colistrain K1506c2 4.94 ST4 O6:H16 STh+LT CS2+CS3+CS21
E. colistrain 2014EE11811 4.95 ST4 O6:H16 STh+LT CS2+CS3+CS21
E. colistrain K1884 sc 4.99 ST4 O6:H16 STh+LT CS2+CS3+CS21
E. colistrain B102e2 4.77 ST4 0O6:H16 STh+LT CS2+CS3+CS21
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E. colistrain F5524c2 4.88 ST4 06:H16 STh+LT CS2+CS3+CS21
E. colistrain ATCC25922 5.20 ST73 0O6:H1 None None
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Virulence factor analysis

To determine the calal mechanisms of pathogenicity, virulence factors in
NCCP15732 and those of the reference strains were compared (Appendix 3). These
strains except neBRTEC O6 strain ATCC25922 harboredtal 163 virulence
factors classified into 25 categories and 57 atdgories. NCCP15732 harbored
155 of thee 163 virulence factors (95%). Most viemce factors were included in
adherence,ron uptake, invasion and secretion system and these factors are the

main contributors to ETEC diarrhé@uerraet al. 2014)Fig. 9.
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Fig. 9 Dendrogram and heatmap of 16 ETEC O6 strains according to virulence factors.The dendrogram antieatmap wer generated on
the basis of genpresence/absence consideringjor virulence factors, using version 3.4.3Grey colorindicates gene presence, white gene

absencePathogenicity of two domestic strains were different
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In adherencand auto transporteategorieseight potentially functional systems
CFA/I fimbriae, ECP (E. coli Common Pilus)EaeH etpA Type | fimbriae, Curli
fimbriae, AIDA-I type andfimZ were found in virulence factors of ETEC O6
strainsand these systems dweown to be produced by pathogeBiccoli (Table.
9). Especially,ibeB, etpAandfimZ, are nonrclassical virulence factors known to
contribute to diarrheéGuerraet al. 2014) were found. NC CP15732 hidweB and

fimZ but notetpA

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

Adherence system Gene or Genes cluster
Curil fimbriae csgDEFGcsgBA

ECP E. coliCommon Pilus) ecpRBCDE

EtpA adhesin etpA

EaeH adhesin eaeH

CFA/I fimbriae ibeBC

AIDA -1 autotransporter aatA, cahandehaB

Fim fimz

Type | fimbriae fimEFGHI

36



Among major virulence factoréwo major enterotoxins, i.e., a hdabile toxin
(LT) and a heastable toxin (ST), induce wateryadrhea in ETEC. The LT toxin
areencoded by theltAandeltB gene Another enterotoxinST toxins are classified
into two types, STh encodexstAand STp encodedstl (Nataro and Kaper 1998)
NCCP15732 carried boteltA and eltB enterotoxins. All of the ETEC O6 strains
hadeltA gene and STh toxin typeut half of the ETEC O6 strains hattB gene.
Among all of 16 strains, CS2+CS3+CS21 was most prevalemtombnation of
colonization factorsCS21 was detected in 14 (88t of the 16 ETEC strains,
but was not detected in two strains: both NCCP15732 and NCCP15740 isolated in

Korea. In summary, 16 ETEC OG6 strains carried both LT and &Fatoxins.

In relation totoxins, enterobactin synthesisnfABCE and entF) and ferrie
enterobactin tansporfepABCDG) were present irall of the ETEC Oé6strains.
However, enterobactin is frequenilyoduced by symbioti€&. coliisolated from
healthy mammalgSearleet al. 2015)And theseentandfepgenes were also found
in virulence factorsof nonETEC ATCC25922 (d&a not shown). Thus, Pi et al.
providethat intestinal bacteria play an important role in the colonization dihlyea
mouse gastrointestinal tract by pathogdaicoli (Pi et al. 2012) Alpha-hemolysin
related gené€hlyA) which plays a major pathogen role in pathogdnicoli strains
was pesentin all of 16 ETEC strainsAnd Invasion systemdjia 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 neRTEC 06 strain ATCC 25922 dnother strains,
ATCC25922 strain had 202 vience factors and 135 of thegeulence factorof
ATCC 2592 were found inall of ETEC O6 strairs. Thus28 virulence factors

related to pathogenicitgf ETECOG6 strainsvere identified Table. 10.

Venn diagram o¥irulence factors of the twdomesticstrains i.e., NCCP15732
and NCCP15740n Korea andnonETEC ATCC25922 were obtained using
InteractiVenn(Heberleet al. 2015)A total of 125 genes encodirtg. colicommon
pilus (ECP) proteins, flageHhiosynthetic proteins, enterobactin transport proteins
andipaH related TTSS effectors secretion systemenfeund in three strains (Fig.
10). Compared with NCCP15732 and NCCP15740 isolated from di&iph&ants
in Korea,wzarelatedCapsular polysaccharidaatA related autotransporter and
most of genes related secretion systems were found in both strains. Comparing
NCCP15740 and ATCC25922, NCCP15732 had two unique virulence diemés:
related adherence system diadrelated invasion systenmnterestingly, two genes
are ron-classical virulence factoknown to contribute to diarrhe@uerraet al.

2014)
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Table. 1Q Major virulence factors of ETEC O6 strains.

Category Subcategory Gene
Adherence EtpA etpA
Antiphagocytosis Capsular polysaccharide wza
Autotransporter AatA, AIDA -1 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 espXx4
Non-LEE encoded TTSS effectors EspX5 espX5
Others Virk virK
Regulator AggR aggR
Secretion system EPS type Il secretion system  gspD

Secretion system
Secretion system
Secretiorsystem
Secretion system
Secretion system
Secretion system
Secretion system

Toxins

Toxins

Type | secretion system
Type | secretion system
Type | secretion system
Type VI secretion system
Type VI secretion system
Type VI secretion system

T2SS (Type Il secretion systen
T2SS (Type Il secretion systen
T2SS (Type Il secretion systen
T2SS (Type Il secretion systen
T2SS (Type Il secretion systen
T2SS (Type Il secretion systen
T2SS (Type |l secretiogystem)
Heatlabile enterotoxin
Heatlabile enterotoxin

ABC transporter for dispersin
ABC transporter for dispersin
ABC transporter fodispersin
ACE T6SS

ACE T6SS

ACE T6SS

gspC
gspE
gspF
gspG
gspH
gspl
gspJ
eltA
eltB
aatB
aatD
aatP
aec30
aec31
aec32
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xfCC25922
(201)

Fig. 10. Comparison of virulence factors of NCCP15732, NCCP15740 and
non-ETEC strain ATCC25922 NCCP15732 hadtwo unique norclassical
virulence genestimZ related adherence system aial related invasion system

Whereas NCCP15740 did not harbor unique gene.
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Chapter 3. Comparative genomic analysis of enterotoxigenic
Escherichia coliO169 strains

Genomic analysis

The NCCP15735 genome size was 5,001,083 bp with%%@3-C content
Based on RAST analysis, 4,76bding sequences, 28RNA genes and 5 rRNA
genes were detected in NCCP1578f which 2,792(59%) were fuitional (Fig.
11). In silico analysis revealed thahe NCCP15735 serotype was O169:HdM
belongedto the phylo-group F (Clermontet al. 2013) Genomic and phylogenetic

characteristics of NCCP15735 westmown in Table. 11
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Subsystem Category Distribution Subsystem Feature Counts

Cofactors, Vitamins, Prosthetic Groups, Pigments (282)
Cell Wall and Capsule (250)
Virulence, Disease and Defense (108)
Potassium metabolism (29)
Photosynthesis (0)
Miscellaneous (61)
Phages, Prophages, Transposable elements, Plasmids (67)
Membrane Transport (181)
= W Iron acquisition and metabolism (47)
RNA Metabolism (246)
Nucleosides and Nucleotides (149)
Protein Metabolism (260)
@ W Cell Divisicn and Cell Cycle (42)
Motility and Chemotaxis (84)
W Regulation and Cell signaling (148)
Secondary Metabolism (26)
DNA Metabolism (169)
W Fatty Acids, Lipids, and Isoprenoids (124)
= W Nitrogen Metabolism (76)
Dormancy and Sporulation (5)
Respiration (183)
W Stress Response (180)
Metabolism of Aromatic Compounds (26)
Amino Acids and Derivatives (376)
Sulfur Metabolism (58)
Phosphorus Metabolism (54)
Carbohydrates (710)

FEEEE®

Fig. 11 Subsystem ctegory distribution of NCCP15735 Based on RAST
analysis, 4,76Xkoding seqances 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 0169:H41
Toxin type STp
Phylo-group F
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Phylogenetic analysis

To infer evolutionary relationships among ETEC 0169:H41 strainsyHdie-
genome sequences of ETEC strains reported1&9:841 isolatal over a similar
time period were selectedhe 11E. coli O169 strains had beesolatedglobally
from 1980 to 2011 (von Mentzeet al. 2014).2014EL-13452 and F6326wnere
isolated from patients in ¢hUnited States (Smitkt al. 2018).Two additional
strains,F9792 and F8111SC3 were used as reference isolated ETEC outbreaks in
United state¢Beatty et al2004, Devasia et al. 2006, Smé#hal. 2018) Genomic

charateristics of 16 O169 stiras were summarized in Table..12

Whole-genome phylogenetianalysis andMLST-based phylogenetic analysis
were performedof sequence oNCCP15735 and 1E&. coli reference strains (Fig.
11). E. coli 0169 strains hd simply phylogenetic relati@hips according toboth
whole-genomeand MLST dataThe whole genome phylogeny showed that strains
isolated fromsame country did not cluster each otffég. 12). These rsultswere
inferred to be due to the similarity of 16 strains wi#hme MLST type and
serogroup.In the MLSTFbased phylogeny, all isolates except E520 strain with

unknown CF types were clustered iatgingle clade (Fig. 33
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