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EnterotoxigenicEscherichia coli(ETEC) is one of the most common causes of diarrhea
worldwide. Among the 25 different ETEC adhesins, 22 are know as “colonization
factors” (CFs), of which 17 are assembled by the chaperonesher (CU) mechanism.
Currently, there is no preventive therapy against ETEC, andFs have been proposed
as components for vaccine development. However, studies ofliarrhea-causing ETEC
strains worldwide indicate that between 15 and 50% of these ee negative for known CFs,
hindering the selection of the most widespread structures ad suggesting that unknown
adhesins remain to be identi ed. Here, we report the result ba comprehensive analysis
of 35 draft genomes of ETEC strains which do not carry known aldesin genes; our goal
was to nd new CU pili loci. The phylogenetic pro les and sergroups of these strains
were highly diverse, a majority of which produced only the tad-labile toxin. We identi ed
10 pili loci belonging to CU familiedb (1 locus),g2 (7 loci),k (1 locus), andp (1 locus),
all of which contained the required number of open reading &mes (ORFs) to encode
functional structures. Three loci were variants of previaly-known clusters, three had
been only-partially described, and four are novel loci. Ird-loci genetic variability identi ed
would allow the synthesis of up to 14 different structures. @isters of putativeg,-CU pili
were most common (23 strains), followed by putativés-CU pili (12 strains), which have
not yet been fully characterized. Overall, our ndings sigrcantly increase the number of
ETEC adhesion genes associated with human infections.

Keywords: ETEC, adhesin, adhesin negative-ETEC, coloniza  tion factors, chaperone-usher pili, genome analysis

INTRODUCTION

Enterotoxigenidescherichia co{ETEC), which includes a wide diversity of strains, are ohsio
categories of diarrheagertc coli(Croxen et al., 20)3These ETEC are a common cause of watery
diarrhea worldwide, primarily a ecting children living in resoce-poor settings of developing
countries and travelers who visit these endemic regi@rei(i et al., 2006 Humans are the natural
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reservoir for ETEC; transmission is associated with congtion  di erent families:a, b, g, k, p, ands (Nuccio and Baumler, 200.7
of food or water contaminated with human feceSgdri et al.,  Since theg CU-family is the most numerous, it has been divided
2009. After infecting the small bowel epithelium, ETEC induceinto four subfamiliesgi, gz, g3, andgs (Nuccio and Baumler,
electrolyte and water loss by producing at least one of tw@007. Fifteen of the 22 ETEC CFs have CU pili assigned to one
enterotoxins, which distinguish them from other diarrhesuc  of these families. Thus, CFA/I, CS1, CS2, CS4, CS5, CS14, CS1
E. coli a heat stable toxin (ST) and/or a heat labile toxin (LT)and CS19 belong to thea family; CS12, CS18, and CS20 belong
(Turner et al., 2006 Strains that infect humans can produce to the g, family; CS3 and CS6 belong to thgfamily; and CS13
two di erent types of STs, STh (human variant), and STp (pigand CS23 belong to thefamily (Madhavan and Sakellaris, 2G15
variant), but only one type of LT (LT-I)@roxen et al., 20)3An  Figure 1). CS7, CS15, and C22 have also been considered CU
essential part of infection is attachment to intestinalgelvhich  pili, as they share similarity with known structures from fiies
ETEC accomplish using a diverse array of adhesins; among,thea (CS7 is similar to CS5) andz (CS15 and CS22 are similar
colonization factors (CFs) have been the most studied t@ dato SEF14 produced b$almonella entericaerovar Enteritidis;
(Croxenetal., 2003 Pichel etal., 2000; Del Canto et al., 20 However, they have not
Currently, no e ective preventive therapy against ETEC isbeen assigned to any particular familyigdhavan and Sakellaris,
available. Vaccines could be a feasible alternative toceethe 2015. Consequently, as most of the CFs are CU pili, we expected
associated morbidity and mortality, particularly in resoar to nd novel CU pili loci, or genetic variants of those already
poor settings in developing countrieilfmed et al., 2003  known, in genomes of ETEC strains which lacks CFs.
Epidemiological studies, including characterization of BET
isolates worldwide, have been the basis for selection of t ATERIALS AND METHODS
most widespread antigens for vaccine development. Bot
enterotoxins and ETEC adhesins have been proposed and test@trains
as components for vaccine candidatésidean et al., 2011; Thirty ve ETEC strains were included in the study, each
O'Ryan et al., 2015; Zhang and Sack, 30Thus, CFs CFA/I, of which were considered negative for known adhesins (AN-
CS1, CS2, CS3, CS4, CS5, CS6, and CS7, or their componeBTEC), because no product was obtained in PCR analyses
have been included in several formulations, however none afimed at detecting loci encoding CFA/I, CS1, CS2, CS3, CS4,
these candidates have passed phase Il tialRyan et al., 2015; CS5, CS6, CS7, CS8, CS12, CS13, CS14, CS15, CS17, CS18,
Zhang and Sack, 2015 CS19, CS20, CS21, CS22, CS23, Tia, TibA, or EtpA. The
Although 22 di erent CFs and three other non-pili adhesins complete list of primers used in this work is included in
(Tia, TibA, and EtpA) have been identi ed in ETEC strains, g ke Table S2(Supporting Information). All AN-ETEC strains had
obstacle to building an e ective vaccine based on these amgig been isolated from children under ve years of age with water
is the signi cant proportion (15-50%) apparently lacking knowndiarrhea: 14 of the 35 strains were obtained in Chile and
CFs or adhesinsOel Canto et al., 2011; Isidean et al., 2011 had been previously characterized according to O serogroup
These strains may be re ecting our inability to reproduce prope and enterotoxin genesDel Canto et al., 20)1 The other 21
conditions for target expression in the laboratory, or regitign  isolates were obtained as part of the Global Enterics Multeent
inability by antibodies, probes or primers due to mutationsStudy (GEMS) in Kenya, Mali, Mozambique, The Gambia,
generating closely-related variants. Importantly, negatesults Pakistan, India, and Bangladestotlo etal., 2013. Enterotoxin
may re ect the existence of novel adhesins. gene repertoires were determined using standard procedures as
Current advances in massive genome sequencing may addrelescribed previously by our research groupe( Canto et al.,
these problems. In this work, our aim was to nd novel adhesion2011; Panchalingam et al., 201For this group of strains
loci by analyzing the draft genomes of 35 ETEC strains thaiGEMS' strains), serotyping of the O antigen was carried out by
appeared negative for currently known adhesins, hereonneder seroagglutination at the Programa de Microbiologia y Micadogi
to as AN-ETEC strains. We focused particularly on loci enngdi  of the Universidad de Chile.
pili assembled by the chaperone-usher pathway (CU pili), which
includes most of the currently known CFsvigadhavan and Sequencing
Sakellaris, 20)5These structures are composed of two or morelo obtain draft genomic sequences for the 35 AN-ETEC strains
structural subunits, the most abundant of which is the majorgenomic DNA was puri ed using the Wizard Genomic DNA
structural subunit Figure 1, Waksman and Hultgren, 2009The  puri cation kit (Promega), processed according to the Illurai
remaining are classi ed as minor subunits, or tip subunits i Paired End Protocol with inserts of 400 bp, and sequenced in
they constitute the tip of the pilusV{aksman and Hultgren, a HiSeq 2000 platform at the Institute for Genome Sciences
2009. The assembly of the pilus structure requires the actiorfBaltimore, MD). Reads were analyzed using FastQC v0.10.1
of two types of proteins: the usher and the chaperones. Th@abraham Bioinformatics, Babraham Institute, Cambridge,
usher is an outer membrane pore forming protein through whichUK. Available: http://www.bioinformatics.bbsrc.ac.uk/ots/
structural subunits are exportetl(aksman and Hultgren, 2009 fastqc/) and assembled using MaSuRCA 2.2.1 or SPAdes 3.1.0
The export process is assisted by one or more chaperones ti{@ankevich et al., 2012; Zimin et al., 2).1Bhe best of the two
binds and fold structural subunits in the periplasmv@ksman assemblies was nally chosen. Best kmer length for assembly
and Hultgren, 200p The amino acid sequence of the usherwas predicted with KmerGenie v.16476 prior to assembly with
is used to classify CU pili, in a phylogenetic context, into sixSPAdes Chikhi and Medvedev, 20)4Assembly statistics were
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FIGURE 1 | (A) Schematic representation of the assembly of chaperone ushg(CU) pili.(B) Genetic organization of CU pili loci familiea, g, g3, and k encoding
known colonization factors (CFs) of ETEC.

obtained with Quast v2.3 and the completeness/contaminatioin the analysisE. coli B, E. coliK-12 MG1655,E. coli HS,
report with CheckM Gurevich et al., 2013; Parks et al., 2015 E. coliW, E. coliED1a,E. colilAl-1, E. coliSE11E. coliSE15
Sequence annotation was rst performed using the Rapicnd ETEC prototype strains H10407, E24377A, and B7A. The
Annotation Subsystem Technology (RASAziz et al., 2008 accession numbers of these sequences are includéabie S3
and then through the NCBI Prokaryotic Genome Annotation of the Supporting Information. The genomic sequencéotoli
Pipeline (National Center for Biotechnology Information, K-12 MG1655 was set as the reference. A total of 2,481,579
Bethesda MD, USA. Available: http://www.nchi.nlm.nih.gov/positions were found in all analyzed genomes (53.46% of the

genome/annotation_prok/). reference). The tree was drawn using Mega 61@6n(ra et al.,
2019. Phylogenetic groups were assigned according to the PCR
Phylogeny protocol described by Clermont et al. and complemented with

A phylogenetic tree was inferred based on single nucleotidmanual analysis of the target geneslgrmont et al., 201)3
polymorphisms in draft genomes of our AN-ETEC, by usingSequence types were assigned using the MLST 1.7 of the CGE,
the CSI phylogeny 1.1, a tool on the Center for Genomi@ccording to the scheme proposed by Wirth et al. based on genes
Epidemiology serveri{aas et al., 20)4The following genomic adk fumC, gyrB icd, mdh, purA, andrecA (Wirth et al., 2006;
sequences, containing their respective plasmids, weredadlu Larsen etal., 20)2
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Loci Identi cation and Analysis and contamination for our draft genomes, assessed using a set
Putative adhesin loci in AN-ETEC genomes were identi edt rs of Enterobacteriaceagpeci c markers, indicated that the vast
by screening of major CF subunits and then by screening ahajority of them were nearly complete 85%) and had low
usher genes using Blast Ring Image Generator (BRIG) v0.98vels of contamination (5%). Only for two strains, ETEC 1241a
and/or Large-scale Blast Score Ratio (LS-B3Rki{an et al., and ETEC 4155a, results suggest medium contaminationslevel
2011; Sahl et al., 2014n LS-BSR, a blast score ratio (BSR)6.04 and 5.04%, respectively). Phylogenetic characterizafi
between 0.00 and 1.00 was obtained for every screened geng AN-ETEC strains, according to their genomes by SNP
in an individual genome. BSR values of 1.00 indicate thealling andin silicomultiple locus sequence typing (MLST), was
maximum sequence identity. For CF screening, genes engodigenerally consistent with phylogenetic groups and serogroups,
the following structural subunits were considered: CFAIE1, rather than with the geographical origin of the strains. Tére
CS2, CS3, CS4, CS5, CS6, CS7, CS8, CS12, CS13, CS14, maitbgroups of strains can be identi ed in the tree shown in
CS17, CS18, CS19, CS20, CS21, CS22, and CS23. ForFtgare 2 One group included 10 AN-ETEC strains primarily
usher screening, a set of 162 genes of CU pili belonging tisolated in Chile, belonging to phylogroup A and sequencegype
the a (16 genes)b (5 genes),g1 (25 genes)gz (7 genes), ST-100, ST-750, and ST-165. The second group included 10 AN-
g3 (15 genes)gs (40 genes)k (9 genes)p (25 genes), and ETEC strains belonging also to the phylogroup A, but assediat

s families (20 genes), were selected based primarily on with eight di erent sequence types. Non-pathogenic straihs
previous reviewluccio and Baumler, 200.7The complete list coliB, E. coliK-12 MG1655E. coliHS, and the prototype ETEC

of genes used for screening is includedTable S1(supporting H10407, all known members of the phylogroupW(rpel et al.,
information). Homolog genes were located within AN-ETEC2013, were located in this group. The third group contained
genomes and their genetic context was analyzed to look for opeidl strains belonging to the phylogroupi BThis group was
reading frames (ORFs) encoding putative structural subunitsassociated with eight di erent sequence types, none of which
chaperones, transcriptional regulators, and others thatldcou are present in phylogroup A AN-ETEC, including known non-
be part of a CU pili locus. Gene clusters were characterizgohthogenicE. colistrains,E. coliw, E. coliSE11E. colilAll,

and compared to known CU npili loci using the NCBI and the prototypic ETEC strains ETEC E24377A and ETEC B7A
ORF nder (National Center for Biotechnology Information, (Wurpeletal., 2013 Only one of our AN-ETEC (ETEC 200617)
Bethesda MD, USA. Available: http://www.nchi.nlm.nih.gov/belonged to the phylogroup D. Overall, the AN-ETEC collection
projects/gorf/), Clustal Omega and/or Unipro UGENEi¢vers analyzed in this work is genetically diverse belonging nyaial

et al.,, 2011; Okonechnikov et al., 2D1an most cases, phylogroups A and B No widely distributed or predominant
phylogenetic trees were inferred according to amino aciderogroup or sequence type was identi ed.

sequence alignment using Mega Buura et al., 2013 Heat

maps for screening with LS-BSR or percentage of identity wel€@ FS-Bioinformatical Screening

draw with the Multiple experiment Viewer (MeV) v4.9.0, and loci Strains in this study had been previously characterized bR PC
comparison graphics were drawn with EasyFig v84ded et al., and all of them had tested negative for known ETEC CFs genes.

2006; Sullivan et al., 2011 We used the same genes used in the PCR screening to probe
o the draft genomes using LS-BSR with the tblastn algoritBiat(
Data Availability et al., 201}t As seen inFigure 3 CF genes were not detected

The 35 AN-ETEC genomes were partially sequenced as pait non-pathogenicE. colistrains, with blast-score ratio (BSR)

of an ETEC whole genome shotgun project and depositedalues ranging between 0.00 and 0.32. In contrast, they were
in GenBank under the accession BioProject PRINA287625. §rrectly detected in ETEC prototype strains H10407 (CFA/I),
addition, a le containing the amino acid sequences of thgana ETEC E24377A (CS1 and CS3), and ETEC B7A (CS6) with
structural subunits was included as Supplementary Materig8SR values ranging between 0.97 and 1.00. Although most of
(SupplementaryData Sheet ). Chilean bacterial isolates may these AN-ETEC genomes were con rmed negative for known
be requested by contacting corresponding authors and GEMSF genes by this second screening method, the blast-sdiwe ra
isolates may be requested at http://www.medschool.umadyla (BSR) values obtained in some cases (between 0.57 and 0.79) fo

edu/GEMS/GEMS-Data--Specimen-Requests/. genes encoding CS8/CS21 (ETEC 401909), CS20 (ETEC 8255a,
ETEC 8350a-1, ETEC200144, ETEC200144, ETEC 200617, ETEC
RESULTS 702251 and ETEC 505077), and CS23 (ETEC 100664, ETEC

402594, ETEC 702251 and ETEC 703098), suggest the presence
Thirty- ve AN-ETEC strains genomes were sequenced in ordeof homologs to those genes.
to identify putative adhesin loci. These strains belonged.3o CS8 and CS21 are homologous structures belonging to the
di erent somatic serogroups (O serogroup) of which 10 weretype IV pili family (Madhavan and Sakellaris, 20 1mterestingly,
non-typeable (ONT), and 82% (29/35) were positive for LT onlya gene homologous toofAand IngA encoding CS8 and CS21
(lacking ST). Sequencing and assembly statistics are siownpilins, respectively, was localized in the ETEC 401909 strain
Table 1 Sequencing coverage ranged between 75X and 353X, afienya, 09, phylogroup C, ST-410, LT), the only AN-ETEC
the average length of the assembled draft genomes wasZ426,strain with relatively high BSR values (0.79 for CS8 and fai75
bp, which was close to the expected size for a pathogénic CS21). Analysis of the PCR primers' target sequencesdi#
colistrain (Lukjancenko et al., 20)0Estimates of completeness and IngA showed discrepancies that may explain negative PCR
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TABLE 1 | Summary of draft genomic sequences of ETEC strains obtai ned in this work.

Strain Origin Coverage* Assembler Total length (bp) Contigs N50 % GC % Completeness T o Contamination T GenBank
accession code

3693 Chile 226 SPAdes 5,001,931 251 75,875 50.6 99.96 0.40 LG.X00000000
12684a Chile 182 MaSuRCA 4,887,648 259 84,003 50.9 95.33 2.5 LGLY00000000
15617a  Chile 149 MaSuRCA 4,979,396 149 133,333 50.8 96.63 250 LGLZ00000000
963a-1  Chile 144 MaSuRCA 5,000,982 193 108,211  50.5 92.44 320 LGMA00000000
1030c-1 Chile 157 MaSuRCA 5,318,135 203 86,519 50.6 99.65 280 LGMB00000000
1241a  Chile 179 MaSuRCA 5,498,099 250 102,427 50.8 100 6.04 IGMC00000000
4155a  Chile 175 MaSuRCA 5,052,165 171 104,482 50.6 97.58 5.@ LGMDO00000000
8255a  Chile 213 MaSuRCA 5,029,983 289 81,830 50.6 99.65 2.30 LGME00000000
8350a  Chile 170 MaSuRCA 5,024,877 136 138,088 50.7 99.34 0.3 LGMF00000000
9312a  Chile 220 SPAdes 4,940,375 158 150,786 50.6 100 0.08 L@1G00000000
9343a  Chile 120 MaSuRCA 5,049,524 146 151,450 50.7 100 1.22 IGMH00000000
9571a  Chile 207 MaSuRCA 5,119,006 233 137,783 50.7 99.96 2.0 LGMI00000000
9788a  Chile 172 MaSuRCA 4,954,530 130 134,873 50.7 99.73 0.8 LGMJ00000000
10380a  Chile 187 MaSuRCA 4,825,041 147 117,204 50.6 99.96 162 LGMK00000000
700377  Pakistan 187 MaSuRCA 5,509,751 282 89,754  50.4 98.06 2.74 LGML00000000
300659 Mozambique 146 MaSuRCA 5,193,583 176 116,939 50.6 9996 2.37 LGMMO00000000
200144  Mali 127 MaSuRCA 5,096,812 211 75,533 50.8 99.96 1.70 LGMNO00000000
200617 Mali 168 MaSuRCA 5,474,100 183 177,338 50.3 99.66 1.3 LGMO00000000
503210 India 75 MaSuRCA 5,170,803 119 134,854 50.7 99.96 2.25 LGMP00000000
401909 Kenya 75 MaSuRCA 5,018,235 110 133,005 50.5 99.96 1B LGMQ00000000
401900 Kenya 343 SPAdes 4,737,288 139 133,706  50.6 99.96 0.1 LGMR00000000
100664 The Gambia 103 MaSuRCA 5,332,273 201 80,008 50.4 99.9 4.66 LGMS00000000
302025 Mozambique 127 MaSuRCA 5,152,571 172 114,889 50.6 9996 2.36 LGMT00000000
602687 Bangladesh 109 MaSuRCA 5,029,988 242 67,774  50.8 9939 2.42 LGMU00000000
402594 Kenya 166 MaSuRCA 5,280,101 173 94,074  50.5 99.96 2.9 LGMV00000000
702251  Pakistan 145 MaSuRCA 5,323,290 334 55,624 50.4 99.34 3.56 LGMWO00000000
702332  Pakistan 102 MaSuRCA 5,013,771 167 88,063 50.8 99.96 2.49 LGMX00000000
703098 Pakistan 353 SPAdes 5,356,213 300 168,561 50.6 99.96 0.15 LGMY00000000
603388 Bangladesh 126 MaSuRCA 5,166,599 160 162,966 50.6 9996 2.85 LGMZ00000000
203518 Mali 165 MaSuRCA 5,036,223 137 130,574 50.8 99.96 19 LGNA00000000
403418 Kenya 169 MaSuRCA 5,069,930 135 119,990 50.8 99.96 184 LGNB00000000
703200 Pakistan 78 MaSuRCA 5,249,204 128 124,962 50.4 96.26 3.72 LGNC00000000
603936 Bangladesh 150 MaSuRCA 5,224,195 138 120,925 50.7 9996 1.88 LGND00000000
505077 India 131 MaSuRCA 5,314,101 194 125,041 50.6 98.73 4.% LGNEO0000000
403885 Kenya 131 MaSuRCA 4,988,884 134 121,380 50.9 100 0.47 LGNF00000000

“Coverage estimated according to the ETEC H10407 genome length, includinplasmids.
TEstimated by presence of lineage markers using CheckM.

results Figure S1Ain Supporting Information). The full-length  strains, we were able to identify sequences with high siityila
gene nucleotide sequence shared 77% identity wifA and  (Figure 3). In order to complement this analysis and look for
60% identity withingA but was 100% identical with the recently additional potential loci homologous to known CU pili loci, we
discovered CS8b variant, which has yet to be functionallpioinformatically screened a set of 162 usher genes from AN-
characterized Njoroge et al., 2005 The alignment of the ETEC genomes, using the blast- ring image generator (BRIG)
derived amino acid sequences allowed us to probe this identitwith the blastn option and LS-BSR with tblastAlikhan et al.,
(Figure S1B. Therefore, even though the ETEC 401909 strair2011; Sahl et al., 20l &Jsher genes were chosen because they are
was negative for detection obfAandIngA, it harbored arecently present only in a single copy within the CU loci. This analysis

discovered and related variant. included the genomes of 13 non-pathogeriic coli strains
N and three ETEC prototype strains. As shownFHigure 4, the
CU Pili results derived from both approaches were similar. As pre\yous

Most of the CFs are CU pili. By screening of the CF structurateported, there is a set of core CU pili locikn colincluding mat
subunit genes that were targets for PCR detection in AN-ETECa family), m (g1), yde(g1), yad(ga), yeh(gas), yfc(p), andybg

Frontiers in Cellular and Infection Microbiology | www.frdiersin.org 5 January 2017 | Volume 6 | Article 200


http://www.frontiersin.org/cellular_and_infection_microbiology
http://www.frontiersin.org
http://www.frontiersin.org/cellular_and_infection_microbiology/archive

Del Canto et al.

CF-Negative ETEC Chaperone-Usher Pili Loci

100 @ 12684a, CHI, 0112, A, ST-100, LT

@ 1241a, CHI, 0112, A, ST-100, LT )

@ 9788a, CHI, ONT, A, ST-100, LT -—)
100/| @ 9312a, CHI, ONT, A, ST-100, LT —)

@ 9343a, CHI, ONT, A, ST-100, LT -)

® 403885, KNY, ONT, A, ST-100, LT
@ 1030c-1, CHI, 0141, A, ST-750, LT mmmp
10l @ 963a-1, CHI, 0141, A, ST-750, LT mmmp

100 100

1041 @ 100664, GMB, 0141, unk, ST-165, LT -
1001l @ 4155, CHI, 012-0164, A, ST-165, LT o mmmp
—— @ 3693, CHI, ONT, A, ST-3856%, STp-LT —)
@ 8350a-1, CHI, 0159, A, ST-746, LT —) A

E. coli K-12 MG1655, A, ST-10
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- Gamma-2
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Non-pathogenic E. coli
@ Prototype ETEC
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FIGURE 2 | Phylogenetic diversity of ETEC strains included i
nucleotide polymorphism-calling procedure (CSI phylogey). Font

00 © 401900, KNY, 0159, A, ST-10, LT mmmp
= @ 702332, PKT, ONT, A, ST-167, LT )
@ ETEC H10407, O78, A, ST-48, STh-STp-LT
@ 200144, MLI, 0117, A, ST-10, LT -—)
— ( E. coli B, A, ST-93
100] 100 [ @ 8255a, CHI, ONT, A, ST-1500, LT mummp
—[ 505077, IND, 049, A, ST-1500, LT mmmp
98] 65-@ 9571a, CHI, ONT, A, ST-731, LT
@ 702251, PKT, ONT, A, ST-46*, LT mmmp
L_| WC E. coli HS, 09, A, ST-46
100 ® 401909, KNY, 09, C, ST-410, LT
@ ETEC B7A, 0148, B1, ST-94, STh-LT
100 100 — @ 703098, PKT, ONT, B1, ST-641, LT
100 @ E24377A, 0139, B1, ST-1132, STh-LT
| @ 15617a, CHI, 0137, B1, unk, LT mmmp
100 100 100 @ 10380a, CHI, 0159, B1, ST-641, LT mmmp
E. coli W, 06, B1, ST-1079
100 r @ 603936, BNG, 064, B1, ST-155, STp-LT
; 05100_ ;go 503210, IND, 064, B1, ST-155, STp-LT mmmp
@ 203518, MLI, 027, B1, ST-155, LT mmmp
302025, MZQ, ONT, B1, ST-155, LT B
100 | [ @ 703200, PKT, 037, B1, unk, LT mmmp 1
1001 L 100 - @ 603388, BNG, ONT, B1, ST-616, LT mmmp
100 100 E. coli SE11, 0152, B1, ST-156
1 © 403418, KNY, 021, B1, ST-4493, STp-LT
© 402594, KNY, ONT, B1, ST-602, STh-LT
300859, MZQ, 088, B1, ST-328, LT
100 100 | @ 602687, BNG, 088, B1, unk, LT
@ 700377, PKT, 08, B1, ST-294
100 E. coli IAl1, 08, B1, ST-294
@ 200617, MLI, 07, D, ST-315, LTmmmp 1 [)
4100[ —————— E. coli SE15, 0150, B2, ST-131 B
100 ———————— © E. coli ED1a, 081, B2, ST-452 2
0.05

follows: strain code, country of origin, O serogroup, phylgroup, sequence type, and enterotoxins. The following norpathogenic strains (in black fonts) and ETEC
prototype strains (in purple fonts) were included in the argsis: E. coli B (REL606),E. coliW (Crooks),E. coliK-12 MG1655, E. coliHS, E. coliED1a, E. colilAll,
E. coliSE11, E. coliSE15, ETEC H10407, ETEC E24377A, and ETEC B7A. Asterisks iMTEC 3693 and ETEC 702251 indicate sequence types suggestedythe

MLST 1.7 tool when non-perfect matching occurred. Unk, unkewn sequence type.

n this study. Tree depicting genetic relationships among AN-ETEC strasrbased on a single
colors indicate different geographical origins éeintries). In each node, the indicated features are as
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and ETEC 703098. This observation was consistent with the
fact that sequences homologous to usher genes belongirg to t
- kappa family were detected in these strains (BSR valges bretwee
EcoliK12W3110 0.41 and 0.99F|gure 4B). However, theaalE primer did n_ot
EcoliBL21 Non pathogenic match_ perfectly in any of these genomes, which exp_laln_s the
Ecolts E. coli negative PCR resultgigure 5A). Based on the orga_nlzatlon
Ecolig739 of"the genetic cluster encoding CS23 a_md CSd8ctio and_
EcolSET1 Baum_ler, 2_007_; Madhavan and Sakell_arls, 20&6mplete qul
EcoliSMS-3-5 were identi ed in three of the four mentioned AN-ETEC strain
ETECo4sTA | Prototype ETEC (ETEC 100664, ETEC 402594, and ETEC 702251). This includes
ggggggz six genes encoding structural subunits, one for a chapeeme,
ETECI3017a one for the usher Nuccio and Baumler, 2007; Madhavan and
ETEGT03001 Sakellaris, 20)51n the case of the ETEC 703098 strain, the
ETEGA158a sequencing did not cover the complete cluster and only ve
ETECa2508 structural subunits were found: the chaperone and tRénaf
ETEGO3434 portion of the usher gene. Alignment of the amino acid sequence
ETEo788 of the putative major structural subunits (PMSs) indicatedttha
ETEGTo000s these identi ed loci would encode pili more closely-related t
ETEC00144 AN-ETEC CS23 than to CS13{gure 5B). Identity percentages between
ETEC303910 AalE and the novel PMSs were 68% for ETEC 402594, 67% for
ETEC401900 ETEC 100664 and ETEC 702251, and 59% for ETEC 703098. As
ALl k-CU pili loci are also present in the genomes of non-pathogenic
ETECa0900s E. coliw and E. coliSE11, we included these in the analysis.
ETECTo2a) However, thek-PMS sequences derived from both strains
e are dierent from those found in AN-ETEC strains, sharing
ETEC203e18 only 26 and 25% amino acid identity with AalEEigure 5B).
ETECT03200 The regions of identity among all thke-PMSs resided mainly
Al in the rst 30 amino acids, which corresponds with the
C— predicted AalE signal sequence for secretion to the periplasm
00 08 10 (Del Canto et al., 2032
FIGURE 3 | Bioinformatical screening of colonization factors. Heat AnalySIS of thek-CU plll loci Of AN'ETEC _st_ralns showed
map derived from the screening of CF-structural subunit gees with large that they share the same genetic organizatibigre 50). A
scale-blast score ratio (LS-BSR). Genomes of non-pathogen and ETEC gene encoding a putative transcriptional regulator, simtiar
prototype strains were included in the analysis. that harbored in the CS23 locus, was found in the three AN-

ETEC strains having a completeCU pili locus. In addition,
a putative seventh structural subunit gene was found in the

(p) (Wurpel et al., 2013 Usher genes from all o_f these loci WereETEC 100664 and ETEC 702261CU pili loci, in which the
detected in both non-pathogenic and pathogenic ETEC genome(?ontig length allowed for recognition of downstream sequenc

Ush_er genes from loci encoding known CFs of ETEC prototyp&iq “yas  located downstream a gene encoding a putative

strains were detecte'd, namely F:FA/I of ETEC H10407 and C%lnosphodiesterase (EAL domain-containing protein). Aligmmne

of ETEC E24377A in tha famll)_/, along W'th CS_3 of ET_EC using tblastx indicated thak-CU npili loci carried by ETEC

E24377A and CS6 of ETEC B7A in thefamily. Consistentwith 159564 ang ETEC 702251 are nearly identical, and di er from

CF gene screening, homologous sequences encoding Usiters ffy,; parporeqd by ETEC 402594 and thel locus, mainly in the

the gz andk families were found in several AN-ETEC strains bUtPMS sequence. A higher level of dissimilarity for all ORFs was

were not detected in the majority of the non-pathogenic stai observed between theCU pili loci of AN-ETEC strains, thesh

Similar results were observ_ed for usher genes frombtFeemily locus (CS13), ank-CU pili loci of E. coliw andE. coliSE11.

and from some representqtlves of theamily. !\'0 homologs of Screening of usher genes also allowed us to identify a locus

usher genes from the family were detected in our set Of,AN' similar to thek-CU pili loci, encoding mbriae AF/R1 of rabbit

ETEC genomes. Our results suggest that AN-ETEC strains may, i« pathogerE. coliRDEC-1 and F18 of porcine ETEC in

conya_lin CU-pililoci encoding structures from thie g2, k, andp e AN-ETEC 602687 strain. However, as sequencing did not

families. allow for assembly of a complete locus, we did not analyze this
cluster.

Kappa CU Pili Family

According to our CF gene screening, genes homologoasts ~Gamma-2 CU Pili Family

which encodes the CS23 major subunit, would be harbored b§enomes of six AN-ETEC strains showed high BSR scores for a

four AN-ETEC strains (and were not restricted to any partanul gene encoding the major structural subunit of CS20, sugugest

phylogroup or ST): ETEC 100664, ETEC 402594, ETEC 7022%he presence of>-CU pili loci in AN-ETEC strains Figure 3).
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M E coliK-120H108 [l ETEC 1030c-1
/ 0 M E coliBL2l M ETEC 12412
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NI / M E. coli ED1a ETEC 8255a
& M E. coli 8739 M ETEC 8350a-1
& M E. coli 1Al W ETEC 9312a
& A\ 3 M E. coli SE11 M ETEC9343a
r' R 4 \\‘ M E. coli SE1S M ETEC9571a
& .’ ‘\‘\\ M E. coli SMS-3-5 ETEC 9788a
¢ Q\\ g \ 2 ETEC H10407 [ ETEC 10380a
k' / ETEC E24377A M ETEC 700377
L ETECB7A I ETEC 300659

ETEC 200144
ETEC 200617
W ETEC 503210
M ETEC 401909
ETEC 401900
B ETEC 100664
ETEC 302025

ut

— e/
. I ETEC 602687

\ * viopi

' — Iy, -~ I ETEC 402594
% /| ; ’ M ETEC 702251
L e E’ ! ~ ETEC 702332
g N ETEC 703098
P e \ W ETEC 603388
: = M ETEC 203518
e M ETEC 403418
[ ¥ M ETEC 703200
5 ‘0‘ ETEC 603936
M ETEC 505077

ETEC 403885

Non-pathogenic(13)
| Prototype ETEC (3)

AN-ETEC (35)

FIGURE 4 | Bioinformatical screening for chaperone-usher (CU) pili loci among AN-ETEC strains. (A)  Screening of usher genes using blastn in blast ring
image generator (BRIG). Cut-off values were 70% for identipercentage and 0.01 for the blastE-value. Greek letters around the ring indicate columns coesponding
to the different CU-pili families(B) Heat map derived from the screening of the same set of usher gees using tblastn in LS-BSR. Columns corresponding to the
different CU-pili families are indicated at the top of the na In (A,B) genomes of non-pathogenicE. colistrains and ETEC prototype strains were included.

After complementing this information with the results from known major structural subunits CswA (CS12), FotA (CS18),
our usher genes screeningy-CU pili loci were identied in  or CsnA (CS20) and that most of these were closely related to
23 AN-ETEC genomes (BSR values ranging between 0.46 at last two Figure 6A; Nuccio and Baumler, 2007; Madhavan
1.00,Figure 4B). According to the genetic organization of loci and Sakellaris, 20).50verall, there were six groups derived from
encoding g>-CFs CS12, CS18, and CS20, the loci identi edhe alignment, containing between two and ve 100% ideritica
in AN-ETEC strains do have the minimum number of genesPMS sequences. Putatige-PMS from two of these groups
required to direct synthesis of a functional structure,liing  (PMS harbored by ETEC 200617, ETEC 505707, ETEC 8255a
three encoding structural subunits, three for chaperonesl a and ETEC 200144, ETEC 702251) plus that harbored by ETEC
one for an usher uccio and Baumler, 2007; Madhavan and8350a-1, shared about 76% identity with CsnA. Five of these si
Sakellaris, 20)5However, alignment of amino acid sequencesstrains belong to the phylogroup A and one to the phylogroup D,
of the PMSs proved that none were identical to the currentlyepresenting four di erent serogroups and ve sequence types.
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FIGURE 5 | Analysis of k-CU pili loci found in AN-ETEC strains. (A)  Alignment of the gene encoding CS23 major subunita@lE) with homologs found in AN-ETEC
strains. The blue bars at the bottom indicate the primer's teget sequences of forward and reverse primers(B) Alignment of the amino acid sequences of AalE and the
homologs found in AN-ETEC strains. Putative major subunitsf k-CU pili of non-pathogenic strainst. coliW and E. coli SE11 were included. Blue blocks indicate
identical regions and the color fades as the identity perceage decreases. The tree was inferred from alignment usindé neighbor joining method with 1000
bootstrap replicates. (C) Alignment of predictedk-CU pili loci found in AN-ETEC strains using tblastx in Easy.d-oci encoding CS23 and CS13, such as thosek-CU
pili loci found inE. coliW and E. coli SE11, were included in the analysis.

Eight AN-ETEC strains (the group of ETEC 4155a, ETEMf eight amino acids conserved across CS20 and allgthe
603388, ETEC 1030c-1, ETEC 963a-1, ETEC 703200, the grdidS of the AN-ETEC strains between positions 50 and 57
of ETEC 3693, ETEC 503210, plus ETEC 100664) hagpor (Figure 6A). Thisregion corresponds to the residues 18-25 of the
PMS with 58-59% identity to FotAF{gure 6A). This group mature CsnA protein\{alvatne et al., 19960ther 33 conserved
includes ve phylogroup A strains and three phylogroup B residues among all thg,-PMS and the knowrg,-CFs major
strains. Other ve strains (ETEC 10380a and the group of ETEGubunits were found distributed along the whole extensidn o
9312a, ETEC 9343a, ETEC 9788a, ETEC 401900) hgpbor the sequences and including single residues, as stretahgsg
PMS that share 59% identity with CsnA. Four of these strainbetween two and four amino acidBifjure 6A).
belong to phylogroup A and three are closely related to ST- Analysis of the genetic structure and alignment of the
100 strains isolated in Chile. Within the other four AN-ETEC complete g>-CU pili loci using tblastx showed that the
strains carryingg>-CU pili loci, there are two identical PMS structure is maintained across AN-ETEC strains and those
sharing 51% identity with CsnA (ETEC 1517a and ETEC 203518&Jentity-percentages are consistent with groups describeddas
and two di erent sequences with 50 and 49% identity to CsnAon g2-PMS sequenced-igure 6B). Di erences between CS20
(ETEC 1241a and ETEC 702332). Alignment revealed a blodsci and thosegz-CU pili loci included in the rst group of six
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FIGURE 6 | Analysis of g,-CU pili loci found in AN-ETEC strains. (A)  Alignment of the amino acid sequences of CS12, CS18, and CS2@najor structural
subunits, and the homologs found in AN-ETEC strains. Blue btks indicate identical regions and the color fades as the iehtity percentage decreases. The tree was
inferred from alignment using the neighbor joining method ith 1000 bootstrap replicates. (B) Alignment of the predictedg,-CU pili loci found in AN-ETEC strains
using tblastx in Easy g. Loci encoding CS12, CS18, and CS20 wee included. Blue bars at the right indicate groups of loci shring high identity percentages.

(C) Identity based-heap map derived from the alignment of nucletie sequences of CS26, CS27a, CS27b, CS28a, and CS28b witlg,-CU pili putative major subunit
genes found in AN-ETEC strains. Colors represent percent adlentity.
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AN-ETEC strains resided mainly in the PMS, while, in the rdst oboth EPEC and enterohemorrhagdic coli(Croxen et al., 2013

theg,-CU pili, it also depends on the putative chaperones, minoAccording to LS-BSR screening using tblastn, almost all ef th

structural subunits and even usher genes. EPEC genes are present in ETEC 700377 and ETEC 300659,
We aligned sequences with those of ve, previously describeéxcept forbfp (Figure 7Q). In contrast, none of the EPEC genes

partial g2-PMS gene sequences: CS26, CS27A, CS27B, CS2Bére found in ETEC 302025, suggesting that the presence of

and CS28B Nada et al., 20)1 using blastn, and found both p-CU pili loci is not restricted to EPEC/ETEC hybrids.

high similarities and identities. The gamma-2 PMS gene fauand

ETEC 100664 shared 91% identity with CS2i§re 60. CS27A Beta CU Family

did not share high identity (90%) with any gene sequencesTo our knowledge, CU pili belonging to thefamily have never

in our study. In contrast, a group of seven AN-ETEC strainsbeen characterized, and the denomination as an actual piliya

harboredg,-PMS genes containing sequences highly similar (94khas been only been supported by sequence datadio and

96%) to CS27B. This group also includes strains wigggdeMS  Baumler, 200). Although the presence of l&zCU pili locus in

shared 58-59% identity with FotA. Three AN-ETEC bear  E. coliK-12 was reported, it is disrupted by an insertion sequence

PMS genes sharing high identity with CS28A (96% identity), adS), which may be why it has not received more attentigniea

was other three AN-ETEC beagp-PMS genes almost identical et al., 201)) Our usher gene screening shows that 15 AN-ETEC

to CS28B with (97% identity). Together, these results stdljat genomes, in addition to the threE. coliK-12 substrains, also

g2-CU pili, other than CS12, CS18, and CS20, might be part afarry b-CU pili loci (BSR values ranging between 0.90 and 1.00,

the ETEC adhesin repertoire. Figure 4B). All these strains belong to the phylogroup A. Based
) _ on the structure of the locus if. coliK-12 substrain MG1655,
Pi CU Family 13 AN-ETEC genomes carry a complete cluster, lacking the 1S

None of the known ETEC CFs exhibit-CU pili, but in our  andincluding ve genegltF, a putative structural subunighcA
screening of usher genes, we identi ed three strains from tha putative chaperoneyhcD the putative usheryhcE whose
B; phylogroup that were positive for homologs of theCU pili  function is unclear; angthcF another putative structural subunit
family (BSR values ranging between 0.70 and F8jre 4B),  (Nuccio and Baumler, 2007; Korea et al., 20Ione of the AN-
namelysfpG pixC, prfC, andpapC These usher genes represente TEC strains (ETEC 401900) a complete locus was found, but a
loci that di er from the p-CU pili loci yfc ybg andyqi, which  premature stop codon disrupts thehcDgene. For this reason,
were found to be widely distributed amoiig colistrains {Vurpel  this strain was not considered in further analyses.
et al., 201 Two of these strains, ETEC 700377 and ETEC All of theb-CU pililociidenti ed share the same organization,
300659, were closely related and were classi ed as ST-8#8, w with the exception that the insertion sequence disruptytcE
the third, ETEC 302025, was classi ed as ST-155. Localizati in E. coliK-12 is absent in all AN-ETEC genomdsidure 8A).
of the loci in these three genomes allowed for identi catioh According to the alignment performed with tblastx, thgtF
clusters composed of seven ORFs that encoded four structurghcA yhcD and yhcF sequences are highly conserved among
subunits, two chaperones and the usher. Alignment of the aminE. coliK-12 and AN-ETEC strainsHigure 8A). Only in the
acid sequences derived from the PMS gene using knpwn ETEC 963a-1 strain, in which sequencing did not allow for the
major structural subunits PapA, PrfA, PixA, and SpfA revealeddenti cation of a completeo-CU pililocus, a longer form ofhcE
a higher degree of identity with SpfA (67% identity withPMS  was found. This variant likely encodes a protein with additibn
of ETEC 700377 and ETEC 300659, and 65% wHRMS of 57 amino acids in the C-term, unlike the form found in the othe
ETEC 302025zigure 7A). Four stretches of four amino acids in AN-ETEC strains. The variability among the identi ddCU pili
the N-terminal region of the predicted mature proteiridr(inder  loci can be almost exclusively attributedyiock which was found
et al., 200), and one of seven amino acids in the C-terminalin three di erent forms. One of them, of 717 bp, was found
region found to be conserved across all the sequences iedludin nine AN-ETEC strains and corresponds to the form present
in the analysis Figure 7A). Aligning the genetic clusters using in E. coliK-12. Two other shorter forms, of 633 and 405 bp,
thlastx showed similarities to known loci residing mainly i were identi ed in two and three AN-ETEC genomes, respectivel
genes encoding the PMS, the adjacent gene encoding a putat{féggure 8A). Alignment of the predicted protein products is
structural subunit gene, the usher, and the two chaperonespnsistent with such an observatidrigure 8B). The three forms
although di ering in the downstream putative structural sutitt  have an identical block of 118 amino acids and the divergé&nce
genes. In contrast, among the AN-ETECCU pili loci (ETEC determined by the length of the C-terminal regions.
700377/ETEC 300659 v/s ETEC 302025), dissimilarity réside In summary, at least one pili locus, di erent from those that
mainly in the PMS and the adjacent putative subunit geneseem to be widely distributed amortg colj was identi ed in
(Figure 7B). 33 of the 35 AN-ETEC strains included in this study. No loci
A recently described hybrid enteropathogenie. coli were identied in strains ETEC 9571a (ONT, phylogroup A,
(EPEC)/ETEC strain harbors@CU pili locus, identical to the ST-731, LT) and ETEC 603936 (064, phylogroup 8T-155,
locus harbored by ETEC 700377 and ETEC 300668t et al., STp-LT). We identi ed 10 di erent CU pili loci among the 35
2015. Therefore, we computationally screened a set of EPEBN-ETEC strains analyzed, which, according to the number
genes in the three AN-ETEC strains in which we founedCU  of ORFs they contain, could encode functional pili structures.
pili loci; these genes were typically contained in the locus oA list of these loci, along with their organization and positiv
enterocyte e acement (LEE), a pathogenicity island carbigd strains, is provided inTable 2 None of the AN-ETEC strains
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FIGURE 7 | Analysis of p-CU pili loci found in AN-ETEC strains. (A)  Alignment of the amino acid sequences of putativep-CU pili major structural subunits of
AN-ETEC strains with those of knowrp-CU pili (PrfA, SpfA, PapA, PixA, and SpfA). Blue blocks intdite identical regions and the color fades as the identity
percentage decreases. The tree was inferred from alignmerity the neighbor joining method with 1000 bootstrap replicags. (B) Alignment of the predictedp-CU pili
loci found in AN-ETEC strains using tblastx in Easy g. Knowp-CU pili lociprfA, papA, pixA, and spfA were included. (C) Heat map derived from the screening of
EPEC virulence genes in genomes of AN-ETEC strains harbogip-CU pili loci.

seems to bear twb-, g»-, k-, or p-CU pili loci simultaneously, cnm/CS28aandcnm/CS28lwere kept in the case of loci found
but they do harbor representatives of di erent families. Intho in 14 AN-ETEC strains; and a novel variant ofs/CS26wvas
ETEC 100664 and ETEC 7022%t, g»-, and k-CU pili loci  identied (crs/CS26b(Nada et al., 20)1 Four novel names
were identi ed; while seven strains carky, and g»-CU pili  were given to theg>-CU pili loci found in nine strains:ctg
loci simultaneously (ETEC 8350a, ETEC 200144, ETEC 702332J ETEC gamma-2 pilus locus)gep(gamma-2 HEC pglus
ETEC 4155a, ETEC 9312a, ETEC 9343a, and ETEC 9788a). Ib¢us), gte (Jamma-tvo pilus locus of EEC) andgtt (gamma-
b-, go-, nor k-CU pili loci were identi ed among the AN-ETEC  two pilus locus of oxigenic E. col). As k-CU pili loci were
strains carryingp-CU pili loci. found in three AN-ETEC strains and displayed high identity

In the case of previously described loci, we maintained th@jith the aal locus along their entire extension, the narael
established names; for novel gene variants, these names wgfas maintained and variants faalE were introduced &als
complemented with subscripts numbers or letters. We nowand aals; Del Canto et al., 20)2 Finally, the acronymctp
propose ve novel loci names. Thus, the locus nayewas (CU ETEC p pilus locus) was chosen for the-CU pili
maintained for identi edb-CU pili loci, with novel variants of |oci found in three AN-ETEC strains, with variants for the
yhcF being namedyhck and yhck (Korea et al.,, 2000 For  putative structural subunit genestpA and ctpH (ctpA and
the g2-CU pili loci, the previous namesrs/CS26cma/CS27b  ctpHy).
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FIGURE 8 | Analysis of b-CU pili loci found in AN-ETEC strains. (A)  Alignment of the predictedb-CU pili loci found in AN-ETEC strains using tblastx in Easy.g
The known b-CU locus of E. coliK-12 MG1655 was included. (B) Alignment of the YhcE amino acid sequences found in AN-ETEQmins. YhcE ofE. coliK-12

MG1655 was included. Blue blocks indicate identical regiosmand the color fades as the identity percentage decreases. fie tree was inferred from alignment using the
neighbor joining method with 1000 bootstrap replicates. Tk lower panel shows a zoom in the variable C-terminal regionf&/hcE.

DISCUSSION methods and aid in the identication of potential targets
for vaccines development and/or anti-adherence therapies.
Understanding the infectious mechanisms of ETEC have beeassive sequencing and comparative genomics are valuable
hampered by the fact that a signi cant portion of the ETEC+tools for these purposesSiling et al., 2095 allowing the
isolates obtained from diarrhea cases worldwide have teste#haracterization of novel ETEC adhesin loci. We focused
negative for currently known adhesins. Searching for angrimarily on CU pili, as these are the main structures of curhgnt
identifying novel adherence determinants can therefor&known ETEC adhesins, particularly among CRsa(havan
contribute to the development of improved diagnosticand Sakellaris, 20).5We chose a set of strains from di erent
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TABLE 2 | Summary of the pili loci, or genes, identi ed in this wo rk.

Locus (CU Family) Locus organization AN-ETEC strains Referen  ces

yhc (b) gltFyhcADF 3693, 12684a, 1241a, 8350a-1, Korea et al., 2010
200144, 702332, 403885

yhe (b) gltFyhcADF, 4155a, 100664 Korea et al., 2010 This work
yhc (b) gltFyhcADF3 9312a, 9343a, 9788a Korea et al., 2010 This work
crs/CS26b (g2) crsH, BCDEFG 100664 Nada et al., 2011; This work
cma/CS27b (gy) cmaHp BCDEFG 4155a, 603388, 1030c-1, Nada et al., 2011; This work

963a-1, 703200, 3693, 503210

cnm/CS28a (g2) cnmHaBCDEFG 8350a-1, 200144, 702251 Nada et al., 2011; This work
cnm/CS28b (g2) cnmH, BCDEFG 200617, 505077, 8255a Nada et al., 2011; This work

ctg @) CctgABCDEFG 93123, 9343a, 9788a, 401900  This work

ctg @2) ctgA,BCDEFG 10380a This work

gep @2) gepABCDEFG 15617a, 203518 This work

gte (@2) gteABCDEFG 1241a This work

gtt (@2) gttABCDEFG 702332 This work

aal (k) aalABCLE,FGH 402594 Del Canto et al., 2012 This work
aal (k) aalABCLE3FGH 100664, 702251 Del Canto et al., 2012 This work
ctp (p) CctpAHCDEJF 700377, 300659 Dutta et al., 2015, This work

ctp (p) ctpAyH,CDEJF 302025 This work

Major structural subunit Structural subunit Usher Chaperone Unknown.

Genetic variants are in bold letters.

geographical locations and belonging to di erent serogroups. As part of our goal, we aimed to nd loci that were absent
Enterotoxin pro les were not a requisite for strain selectio in non-pathogenicE. coli Following this strategy, we identi ed
but most of the AN-ETEC strains were indeed positive for LT10 pili loci, distributed among 33 of the 35 AN-ETEC strains
and not for ST. This is consistent with features of previoushanalyzed. Searching for genes encoding other adhesin typles su
reported CF negative ETEC straindV¢lf, 1997; Shaheen as type IV pili, or proteins involved in their assembly, could
et al., 2009; Rivera et al., 2010; Del Canto et al.,)2$o allow the identi cation of additional loci, especially for ses
consistent with previous evidence, most of our AN-ETECsuch as the two strains resulting negative in our screenlimg.
strain collection belonged to the A andiBphylogroups of addition, these two strains may harbor CU pili homologous to
E. coli (von Mentzer et al., 20)4 This has been generally those produced by non-pathogeric colj a set that was excluded
observed for ETEC strains, regardless of their virulencen our work. In this scenario, a detailed “case by case” aimly
repertoire (fon Mentzer et al., 20)4 On the other hand, may be required to identify novel CU pili from alignment-base
consistent with the diverse nature of ETEC strains, therstrategies, particularly when protein sequence identitytéethe
were no predominant sequence typesorf Mentzer et al., 20-30% range, also known as the twilight zoBieke and Cohen,
20149. 200).
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Representatives of the CU-pili familiesgy, k, andp, were it is considered to be cryptic, because of the presence of an
found and described. The most common CU-CFs worldwidensertion sequence that would logically disrupt its functibtya
belong to thea (CFA/I, CS1, CS2, CS4, CS5, CS14, CSliKorea et al., 20)0However, the identi cation of non-disrupted
and CS19) andgz families (CS3 and CS6); these are theb-CU pili loci in several AN-ETEC genomes, suggests that they
same CU-CFs that have been included in vaccine candidateay direct the assembly of functional structures. Two putati
formulations O'Ryan et al., 2015; Zhang and Sack, 20CFs  mbrial subunits (GItF and YhcF), one chaperone (YhcA), and
of the CU-familiesg, andk are not the most common in ETEC the usher (YhcD) are potentially encoded byCU pili loci, in
strains (sidean et al., 20)1However, the identi cation of several addition to a protein with no predictable function (YhcE). A
g2-CU pili loci, described here and in previous works, suggestsomprehensive review has suggested that, due to the lack of
that they may be a numerous and important group among theputative tip subunitsb-CU pili would be a mbrial structures or
ETEC adhesins. Certainly, wide screenings in ETEC cadlesti thin bers (Nuccio and Baumler, 2007
are required to test this hypothesis. A search in databases Further research will be needed to prove the functional role
using blastp, by introducing),, k, and p-PMS described here, of the CU pili loci identi ed in this work in ETEC pathogenesis.
identi ed a limited number of identical registries. CrgHgz, one  Preliminarily, we have obtained deletion mutants for a few
hit), CtgA (g2, three hits), GepAdy, three hits), GteAdp, eight  representative ETEC strains and evaluated their capacityetota
hits), and CtpA p, three hits) were the only matched amino acidto con uent monolayers of Caco-2 cellBifure S2in supporting
sequences with 100% identity and 100% coverage. In contrastformation). ETEC strains 100664 and 702332 lackiagCU
YhcE @ family) matched 353 registries, suggesting the absendeci crsandgtt, respectively, showed a reduced adhesion capacity
of the insertion sequence that disrupts tyfeclocus inE. coliK-  compared to the wild type strains, even when this di erence
12 strains. Upcoming massive sequencing projects and/or sgpeciwas only statistically signi cant in the case ofs (Figure S2.
PCR screening will help to determine the global distribotiof ~ The same e ect was noticed in ETEC strains 402594 and 302025
the loci identi ed here. lacking thek-CU locus aal (harboring aalE, variant) andp-

As sequencing projects are generating data to be deposit€U locusctp (ctpAH2 variant). No di erences were observed
in databanks, assigning names to novel loci or proteins is ndh mutants lackingb-CU locusyhg g>-CU locuscnm, and p-

a trivial matter. We only assigned a name to a locus wherCU locusctp, compared to the wild types; while a signi cant
according to the number of genes it contains, it could direcincrease was noticed in ETEC 9343a lacking gheCU locus
the assembly of a potentially functional CU-pilus. We decidedtg (Figure SJ. These results suggest that some of the identi ed
to keep the previously given names in the cases oftthd-,  CU pili loci encode determinants @i vitro bacterial adherence.
as well as some of thgy-CU pili loci identi ed in this work,  Testing of the proper expression conditions and also other cell
as these showed high percentages of identity with previouslines or adhesion substrates, may be determinant for future
described loci ¥ 95%). When some of the genes identi ed functional evaluations of the CU pili identi ed here. In adutin,
showed more dissimilarity to their known homologs, but tiest  as other kind of structures dierent from CU pili may be
of the locus was identical, we still used the original namesf  directing AN-ETEC adherence to Caco-2 cells, double mutants o
the literature, using numbers to di erentiate the novel \arts. recombinant expression in non-pathogertc colistrains could
Novel acronyms were introduced for ve of thg,- and the be required.

two of the p-CU pili loci. We have decided not to add novel In conclusion, ETEC strains lacking currently known CFs
representatives to the CF list until evidence of the existefthe bear genes that encode related structures, particularly QU-pi
pili has been con rmed and evaluation of their functionaladyy ~ of the g2 and k families. Beta- ang-CU pili are new members
has been performed. within the diverse ETEC adhesin repertoire. These ndingd ad

None of the CFs described to date belongs to ph&amily. novel and valuable data to the large list of potential ETEC
Dutta et al. reported the presence of a homolog locupafi “weapons.” Future investigation will characterize their Gme
which encodes the P mbria, in an ETEC strain that also hasole in pathogenicity and whether they are suitable antigens
genes that used to be part of the LEE locus in atypical EPE@ccine candidate formulations.
strains Qutta et al., 201p In the current project, we identi ed
two p-CU pili loci, one of them identical to that described by AUTHOR CONTRIBUTIONS
Dutta et al. Our analysis was consistent in terms of the eelaéss
with the paplocus, but we found a higher identity with thefp  FD: study design, strain characterization, data analysis,
locus, which was rst described in an enterohemorrhalgiacoli  bioinformatic analysis, manuscript writing. MO: study design
0157:H- strain, as is determinant in the capacity of agghtiimng  data analysis, manuscript writing. MP: strain characteraati
erythrocytes. These ndings suggesttpaCU pililocicouldalso data analysis. AT: strain characterization, data analy3(:
be part of the wide spectrum of ETEC adhesins. We estimatestain characterization, data analysis. RV: bioinformatialysis.
that percentages of identity to both tipapandsfploci were not  LC: bioinformatic analysis. AM: strain characterization,tala
high enough to use one of these names for the novel EJEIL)  analysis. RM: strain characterization, data analysis. DHuirstr
pili loci. Therefore, we suggested the acrongtm characterization, data analysis. BC: strain charactioiza

Among all the CU-pili families described i&. coliisolates, data analysis. MML: study design, data analysis. CMH: data
the b family is the one that has received the least attentionanalysis, bioinformatic analysis. MP: data analysis, biométic
There are no published data on the productioni®CU pili or  analysis. DAR: data analysis, bioinformatic analysis, maipisc
adhesin activity I[{luccio and Baumler, 200.7In E. coliK-12  writing. OCS: study design, data analysis, bioinformatialgsis,
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manuscript writing. RV: study design, data analysis, marpscr Figure S1 | (A) Alignment of nucleotide sequences of the gene encoding a

Writing. putative type-IV pilin, found in ETEC 401909, with genes cofAnd IngA encoding
major subunits of CS8 and CS21, respectively. The internaégions shown
correspond to those recognized by primers (forward, left;averse, right) used in

FU N D| NG CFs detection. (B) Alignment of amino acid sequences of the pilins of CS8, CS21,
CS8b, and that found in ETEC 401909.

This work was funded with the support of the following rigure s2 | Evaluation of the adherence capacity of ETEC stra  ins to

grants: Fondo Nacional de Desarrollo Cienti co y Tecnotfigi Caco-2 cells, after knocking out CU pili loci identi ed in thi s work.

(FONDECYT) grants 3130555 (FD), 11150966 (FD), 11102860 b-CU: Locus yhc in ETEC 100664, (B) »-CU: locus crs in ETEC 100664,
“E; . - locus cnm in ETEC 8350a-1, locuscrs in ETEC 9343a, and locusgtt in ETEC
.(RV)' 1161161 (RV)'. Gran.t ID 3887.4’ Dlarrh_ea!, disease i 02332 (all loci belonging to family)(C) k-CU: locus aal in ETEC 402594, (D)
infants and young chlldreh n develop_lng countries and_Glran p-CU: locus ctp in ETEC 300659, and locusctp in ETEC 302025. The graphics
ID 1016839 “Metagenomics Based Discovery of New Viral anghow the number (average SEM) of cell-associated colony forming units (CFU)

Eukaryotic Pathogens Causing Diarrheal Disease” from tlie Brecovered after 3 h of infection. Mutant strains were obtaied by allelic exchange

and Melinda Gates Foundation.
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