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ABSTRACT
Dissertation Title: Characterization of Enterotoxigenic Escherichia coli Isolates of
Varying Clinical Presentations using Comparative Genomics and Transcriptomics
Jeticia R. Sistrunk, Doctor of Philosophy, 2017
Dissertation Directed by: David A. Rasko, PhD, Professor, Department of Molecular
Microbiology and Immunology
Enterotoxigenic Escherichia coli (ETEC) is a non-invasive, diarrheagenic
pathovar of E. coli that causes 40 million cases of Travelers’ Diarrhea and 500,000 deaths
every year. ETEC virulence is characterized by the production of plasmid-encoded
enterotoxins that typically lead to a profuse watery diarrheal illness. However, ETEC has
been isolated from study participants exhibiting a range of clinical presentations
including severe and mild diarrhea, and even asymptomatic colonization. Genomic
sequencing of large collections of > 90 ETEC isolates representing diverse toxin and
colonization factor genotypes were conducted in order to characterize and identify the
genetic features associated with varying clinical presentations seen in ETEC. The
comparative genomics methodologies identified distinct sequence types, new putative
colonization factor variants, as well as relevant vaccine candidates in these isolates.
Additionally, comparative transcriptomics of a diverse set of four ETEC isolates was
assessed in response to the host product, bile, in nutrient-rich and nutrient-limited media
to characterize variations in transcriptional regulation ETEC virulence genes. RNA-Seq
and qRT-PCR on four ETEC isolates identified transcriptomic differences, even amongst
two isolates associated with severe disease, which indicated that diverse transcriptional
regulatory profiles exist within ETEC. The transcriptomics analysis also revealed bileassociated differential expression of colonization factor, transcriptional regulator, and

motility genes within the ETEC isolates. Lastly, a unique AraC-family transcriptional
regulator, peaR, was identified in severe, non-prototype ETEC isolate 2729250 as
significantly up regulated in response to bile. In silico comparison of PeaR to the
canonical ETEC AraC-like regulator, Rns, revealed PeaR has a similar peptide sequence
and may have similar functions in regulating colonization factors. Mutagenesis of peaR
revealed differences in motility and colonization factor gene expression compared to wild
type suggesting that PeaR may be able to regulate the CS5 and/or CS6 colonization factor
genes. Collectively, these studies demonstrate the use of next-generation sequencing
technologies to characterize pathogenic determinants of ETEC. Future investigation that
incorporates proteomic and in vivo analysis of transcriptional regulators, such as peaR,
may reveal important pathogenic mechanisms that explain the differing clinical
presentations seen in ETEC-associated diarrhea.
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Chapter 1 – Introduction
Diarrheagenic Escherichia coli
Diarrheal disease is a significant cause of morbidity and mortality around the
world. Annually, acute infectious diarrhea account for 1.5 million deaths (1), while
800,000 deaths occur in children under age 5 worldwide (2). Diarrheal disease causes an
estimated 3-5 billion annual cases of illness worldwide and is usually associated with
nausea, abdominal cramps, bloating, and diarrhea (3, 4). Acute diarrheal illness, typically
defined by 3 or more loose stools lasting fewer than 14 days (5, 6), can be associated with
many bacterial pathogens. Acute diarrheal disease in the developing world has
historically been attributed to four pathogens: Vibrio cholerae, enterotoxigenic
Escherichia coli (ETEC), Shigella spp., and rotavirus (1).
There are six distinct E. coli pathogen variants, or pathovars, that cause diarrheal
disease and are distinguished by different virulence mechanisms and/or disease
manifestations. The diarrheagenic pathovars include enteropathogenic E. coli (EPEC),
enterohemorrhagic E. coli (EHEC), enteroaggregative E. coli (EAEC), enteroinvasive E.
coli (EIEC), diffuse-adhering E. coli (DAEC), and enterotoxigenic E. coli (ETEC) (3).
EPEC was the first diarrheagenic E. coli pathovar described in detail (7), and
EPEC pathogenesis has been characterized extensively. EPEC possess the ability to
colonize the small intestinal epithelia where it forms attaching and effacing (A/E) lesions
(8) as a result of proteins encoded on the locus of the enterocyte effacement (LEE) (3).
EPEC is commonly associated with infant diarrhea in developing countries (9) and with
both acute and chronic diarrheal disease around the world (10). Typical EPEC contain the
EPEC adherence plasmid, encoding the type IV bundle-forming pilus (BFP), while
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atypical EPEC lack the BFP (11). Atypical EPEC isolates have caused outbreaks
impacting adults and infants in developed countries (3).
EHEC, another A/E pathovar, colonizes the large bowel and is often associated
with outbreaks of bloody diarrhea in developed countries (3). The distinguishing
virulence factor of EHEC is the phage-encoded Shiga toxin, or verocytotoxin, which is
often associated with the development of hemolytic uremic syndrome in infected persons
(3). Like EPEC, EHEC contains LEE-encoded proteins to aid adherence of the bacterium
to the colonic epithelia (3).
EAEC colonize the large and small bowel an autoaggregative manner by adhering
to the intestinal mucosa and leading to watery diarrhea (12). EAEC isolates are
characterized by the lack of the LT and ST from ETEC, as well as Shiga toxin genes from
EHEC or Shiga-toxin producing E. coli (9), although EAEC isolates in a recent outbreak
in Europe were found to contain the Shiga toxin 2 gene (9, 13, 14). Due to the
heterogeneity of virulence factors encoded in EAEC, pathogenic mechanisms are not well
understood for this pathovar (12).
EIEC is an intracellar pathovar that invades colonic epithelia and shares similar
genotypic and pathogenic mechanisms as Shigella spp. (8, 15). However, EIEC infections
result in a milder infection than do Shigella spp. perhaps due to altered virulence gene
expression (8).
DAEC is characterized production of a family of adhesins encoded by the afa/dra
operons (16) resulting in a diffuse adherence pattern in Hep-2 cell cultures. DAEC
produces watery diarrhea and is associated with chronic diarrhea with increased severity
in children between ages 18 months and 5 years old (8).
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The ETEC pathotype, and the focus of this thesis work, is a genetically and
phenotypically diverse pathovar distinguished by the presence of heat-labile (LT) and/or
heat-stable (ST) enterotoxins (8). Although the first cloned E. coli virulence gene was the
heat-labile enterotoxin from ETEC molecular characterization of the pathovar remains
limited in comparison to other diarrheagenic E. coli (17, 18). ETEC encodes a
heterogeneous assortment of colonization factors, currently, as many as 25 have been
described (19, 20), for colonizing the small intestinal epithelia (8). Molecular
characterization of ETEC virulence regulation and antigen heterogeneity has been limited
compared to other pathovars such as EPEC and EHEC. As a result, this dangerous
pathogen requires further molecular characterization to inform therapeutic and vaccine
development initiatives.

ETEC Epidemiology
ETEC was first identified in 1956 by S. N. De as E. coli isolates from patients
with Cholera-like symptoms in Calcutta (21). The live E. coli strains caused severe
watery diarrhea when injected into rabbit ileal loops (21, 22). Pathogenic studies in
identified ETEC caused disease in humans, pigs, rabbits, and calves (4). Further
epidemiological study established ETEC-associated diarrhea to be a significant cause of
infantile diarrhea in developing countries including Bangladesh and Peru (4, 23). The
Global Enterics Multicenter Study (GEMS), a prospective, 3-year, case-control study
conducted by the University of Maryland Center for Vaccine Development, identified
ST-producing ETEC as one of the four most significant pathogens causing moderate-tosevere diarrheal illness in children aged 0-59 months in African and Asia (2). The GEMS
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recommended that interventions against ST-ETEC could reduce diarrheal disease
incidence and the resulting malnourishment by 40% for children under 2 years old (2).
Interestingly, children with blood groups A and AB had increased risk of ETEC
infections in Dhaka (24). The GEMS identified that ST-encoding ETEC, regardless of LT
co-carriage, significantly increased the risk of death in infected infants and toddlers (2).
For endemic populations that are exposed to ETEC, there appears to be a seasonality of
ST encoded ETEC isolates with ST being more common in the summer, while LTencoding isolates maintain occurrence throughout all seasons (4).
ETEC is also the most common etiology of travelers’ diarrhea around the world,
with the exception of Southeast Asia, which is instead dominated by Campylobacter and
Aeromonas spp. (25). ETEC is estimated to cause between 20 to 40% of global travelers’
diarrhea cases (4). ETEC was first identified as a significant cause of diarrhea associated
with international travelers’ to Mexico in 1975 (4, 25, 26). Travelers’ diarrhea is typically
experienced by travelers from high-income countries to low and middle-income
countries, and is defined by 3 or more loose stools and an additional symptom of nausea,
vomiting, abdominal cramps, or fever within a 24 hour period (5). Safe and efficacious
vaccines against ETEC could help reduce the incidence of travelers’ diarrhea and the
significance of diarrhea in children in regions where ETEC is endemic (25, 27).
Outbreaks of ETEC-associated diarrhea have recently occurred in the United
States (28-30). Foodborne outbreaks of ETEC in the U.S. have been reported in sushi
restaurant (30), and several events where contaminated food was catered to hundreds of
people (28, 29). ETEC outbreaks have also been reported on cruise ships (4, 25). In a
review of three cruise ship outbreaks that occurred between 1997 and 1998, ETEC was
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identified as a source of diarrhea after passengers and crew consumed ice and unbottled
water on ships while bunkered in international ports in Costa Rica and Jamaica (31). The
worst cruise ship ETEC outbreak was observed in May 1998 after 31% of 611 passengers
reported having diarrhea (31). Further investigation resulted in the recovery of 12 ETEC
isolates of 7 different serotypes from 8 patient stools (31). Thus, ETEC has been
considered an important pathogen in need of a vaccine (17, 18).
Geographical distribution of ETEC isolate serotypes has not been well described
(18). Although the majority of infections occur in endemic regions in developing
countries, global travel and infections in travelers have introduced ETEC to developed
nations (4). A recent study by von Mentzer, et al failed to identify distinct geographical
distribution of ETEC lineages following whole genome sequencing of isolates collected
from 1980 to 2011 and using colonization factor and enterotoxin profiles to categorize
ETEC clades (32). The study also determined that various ETEC lineages emerged from
global outbreaks and have remained stable in endemic regions to infect children, adults,
and travelers similarly (32). ETEC-associated diarrhea, which has been identified as a
significant cause of diarrheal disease in global studies, requires further characterization.

ETEC Pathogenesis
ETEC isolates are distinguished by the expression of two types of enterotoxins:
the heat-labile (LT) and/or the heat-stable (ST) toxin (18). ETEC colonization of the
small intestine is followed by enterotoxin production, LT and/or ST, leading to
deregulation of intracellular signaling of host enterocytes and resulting in profuse watery
diarrheal disease (Figure 1.1).
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Figure 1.1. ETEC pathogenesis. Adapted from Croxen et al. 2010. Molecular
mechanisms of Escherichia coli pathogenesis. Nat. Rev. Micro.
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Both the LT and ST enterotoxins induce phosphorylation of the cystic fibrosis
transmembrane regulator (CFTR) resulting in chloride ion secretion and subsequent water
loss (18). However, the enterotoxins bind different host cell receptors, subsequently
enacting different mechanisms to induce watery diarrhea. The LT enterotoxin is an AB5
subunit toxin that shares 80% amino acid identity to cholera toxin, and increases
intracellular cyclic-AMP after binding to the GM1 receptor (3). LT toxin secretion is
mediated by a type II secretion system (33) and additional proteins such as the labile
enterotoxin output, encoded by leoA, that binds with GTP (34) and enhances LT toxin
secretion (35). Efficient LT delivery and secretion has been associated with enhanced
colonization in mice (36). Detoxified LT (dmLT) is a strong adjuvant and is often used in
ETEC vaccine preparations (17). ST is a smaller, cysteine-rich non-antigenic toxin. ST
binds to guanlyate cyclase and increases intracellular cyclic-GMP leading to CFTR
phosphorylation (37). The secretion of ST peptides is mediated through the TolC exporter
(38). Different forms of ST toxin result in watery diarrhea in humans and are classified as
either STa (STI) or STb (STII) (18). Two STa peptides can be further characterized as
STh (STIb) and STp (STIa) since they were originally found in humans and pigs,
respectively (39), with both potentially causing disease in humans (18). The STb (STII)
variant has been shown to cause infection in pigs, binds different receptors than humanassociated ST toxins (STh and STp) (9), and has not been demonstrated as causing
human disease (18). A potential toxin called the enteroaggregative heat-stable toxin
(EAST1) is similar in structure to STa and believed to have similar pathogenic
mechanisms of ST due to the ability to increase intracellular cGMP (40). Both the STp
and STh toxins have been associated with human disease, yet a study of 200 children in
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Gineau Bissau with primary ETEC infections suggested that STp encoding ETEC is more
pathogenic than STh isolates in humans (18, 41).
For colonization, ETEC isolates express fimbrial, fibrilllar, or helical proteins that
facilitate adherence to the gastrointestinal epithelia (18-20). These colonization factors
(CF), or colonization factor antigens (CFA), include more than 25 heterologous antigens
described in the ETEC (19, 20, 42). Approximately 75% of examined human ETEC
isolates encode CFA/I, CFA/II, or CFA/IV (3, 43). CFA/III is more recently referred to as
CS8 (19). CFA/II includes the three distinct pili of CS1, CS2 and CS3 (19), while
CFA/IV is composed of CS4, CS5, and CS6 (3). ETEC isolates can infect both humans
and animals, and isolates that resulted in infectious diarrhea in animals were found to
encode colonization factors that were distinct from human-specific colonization factors
(19). ETEC strains that infect animals such as pigs, sheep, or cattle encode colonization
factors that are animal-specific and are designated by a letter followed by a number (i.e.
K88 or F4) (19). ETEC strains containing these animal antigens are specific to animals
and are not known to cause human infection (3, 19). However, many ETEC isolates do
not encode any previously described colonization factors based on in silico analysis (18).
Adhesins encoded by ETEC further allow for close adherence of the bacteria to
host cells and invasion. The EtpA adhesin is located on a two-partner secretion (TPS)
locus and the protein provides a bridge between the flagellar tip of the bacteria and
receptors on the gastrointestinal cells (44). EtpA has been identified as a potential vaccine
candidate due to its similarity to another TPS protein used in the acelluar Bordetalla
pertussis vaccine (18). Vaccinations in mice using the EtpA glycoprotein provided
protection by preventing ETEC colonization (45). An additional two loci involved in
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invasion, tia and tib, are encoded on the chromosome and provide supplemental
adherence capabilities (46). Tia, an outer membrane protein that binds host cell
proteoglycans, can facilitate close adherence and invasion of ETEC into host epithelial
cells(47). TibA is an autotransporter that also plays a role in ETEC adherence (18).
Most ETEC strains are motile due to the expression of peritrichous flagella (18).
More than 30 flagella types described in the ETEC pathovar (43). Flagella appear to be
important for both colonization (44) and delivery of the LT enterotoxin to host cells (48).
There is evidence that flagellar antigens may be useful for vaccine candidates (45), but
further study is needed.
Other virulence factors include autotransporter proteases that enhance persistence
of ETEC in the small bowel. The EatA protease, which is a member of the serine protease
autotransporter of Enterobacteria (SPATE) protein family (49), is homologous to the
SepA autotransporter of Shigella flexneri (18). The metalloprotease, YghJ (50), that may
increase ETEC virulence, has been shown to degrade the mucin glycoproteins MUC2 and
MUC3 in the lumen of the small intestine (50) allowing the bacteria to persist in the
gastrointestinal tract. The many virulence factors encoded in ETEC contribute to the
multivalency and heterogeneity of the pathovar. Characterizing the host-pathogen
interactions in responses to these virulence factors is essential for vaccine and therapeutic
discovery.

ETEC Therapeutics and Vaccine Development
Therapeutic strategies against ETEC-associated diarrhea include rehydration to
combat electrolyte and fluid loss (4), and administration of antibiotics such as
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ciprofloxacin for adults or azithromycin for children (4). Doxycycline was the initial
antibiotic used to treat ETEC infection, however, increasing antibiotic use and the
emergence of multidrug resistance in endemic regions where antimicrobial use is
common has changed this (4). Currently, rifaximin is approved and recommended as a
prophylaxis for adults to prevent the development of travelers’ diarrhea (51, 52). There is
currently no approved vaccine against ETEC. Much of the vaccine development efforts
for ETEC has focused on developing toxoids based on the plasmid-encoded enterotoxins
or fimbrial colonization factors antigens (17). There is evidence that previous exposure to
ETEC provides natural immunity to protect against subsequent infection by ETEC strains
expressing the same toxin and/or CF type in Bangladesh (53). In contrast, this exposure
was only found to protect 47% of children under 2 in a separate study from Guinea
Bissau (54). These data, taken together, suggest that there are host and environmental
factors associated with natural ETEC infection that can facilitate the development of
natural immunity.
Studies have identified that certain combinations of colonization factors (CFA/I,
CS1-7, CS14, CS17, and CS19) and the LT enterotoxin are commonly encoded in ETEC
isolates around the globe (42). As a result, ETEC vaccine studies have attempted to
identify ways to neutralize toxin delivery, block colonization, and even target the LTtoxin by use of a vaccine skin patch (55). However, there has not been a single antigen
identified as conserved throughout the ETEC pathovar for use in a broadly protective
vaccine, thus multi-valent vaccine candidates have been developed (17). The most recent
ETEC vaccine development studies have tested live-attenuated oral vaccine candidates
(17). These include ACE527, a live-attenuated oral vaccine candidate generated from
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three ETEC isolates that included a combination of colonization factors (CFA/I, CS1,
CS2, CS3, CS5, CS6) as well as the LT-B enterotoxin subunit (56, 57). ACE527 was
found to be protective in humans based on initial studies of 70 participants and has
moved to Phase 2 human trials (58).
Combination vaccines using inactivated whole-cell or live-attenuated recombinant
colonization factor proteins from diverse ETEC isolates have seemed promising in
randomized, placebo-controlled phase I trials, but have resulted in poor protection in
larger clinical studies possibly due to the extensive heterogeneity of the ETEC pathovar
(17). For example, a killed oral vaccine trial using strains expressing homologous CF
types and the B subunit of cholera toxin on US travelers to Guatemala and Mexico was
found to protect against severe disease (59), but the same vaccine subsequently failed to
protect children in an Egyptian vaccine trial (60). Therefore, reverse vaccinology using
bioinformatic approaches may yield more efficient vaccine candidate antigens against
ETEC disease. It is clear that future vaccine development against this pathogen warrants
the identification of additional surface-exposed antigens that elicit the adaptive immune
response, however, this requires a more detailed characterization of the pathogenic
mechanisms of ETEC infection (17). The lack of a small animal model that fully mimics
human diarrheal disease, coupled with the heterogeneity of immunogenic antigens in
ETEC isolates has proven to further complicate vaccine development for the pathovar.
The heterogeneity of virulence and colonization factors within the pathovar, as
well as the limited molecular characterization of ETEC pathogenesis, makes it imperative
to utilize in silico studies of diverse collections of ETEC isolates to better inform
therapeutic and vaccine development approaches.
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Next-generation sequencing methods
Comparative genomics in bacteria
Comparative genomics methodologies generate sequencing data from NextGeneration Sequencing (NGS) technologies in order to compare the genomes of closely
related organisms in a rapid and cost-effective manner. The identification of conserved,
divergent and unique genes present within bacterial genomes or collections of pathogenic
isolates can identify potential novel vaccine candidates, virulence genes and genomic
features that could be correlated with epidemiological observations associated with
morbidity or mortality. Traditional methods for assessing genomic differences between
isolate collections have used single-nucleotide polymorphism (SNP) analysis and wholegenome phylogenetic generation to reveal similarities between isolates based on bacterial
genome alignments (61).
Development of additional comparative genomic tools such as the large-scale
BLAST score ratio (LS-BSR) analysis (62) has allowed for rapid identification of core,
divergent, and unique genetic elements between a large collection of ETEC isolates (see
Chapter 2). LS-BSR has been used on diverse collections of EPEC isolates to determine
important genetic elements contained within core and accessory genomes within EPEC
(63). In addition to bacteria, LS-BSR has also been used on fungal genomes to identify
pathogenic features in numerous fungal species (64).

E. coli pangenome and ETEC genomics
The use of genomic sequencing for E. coli initially required years of work to
determine and annotate the genetic sequences of a single bacterial strain. The complete
12

sequence of the lab adapted commensal E. coli strain K-12 was completed 1997 after six
years (65). NGS, however, has streamlined sequencing efforts for more rapid sequencing
and comparative studies between both commensal and pathogenic E. coli. Rasko et al.,
completed one such study by comparing various diarrheagenic and extraintestinal E. coli
pathovars, as well as human and lab-adapted commensal strains to determine the genomic
features of the E. coli pangenome (66). The study compared 17 genomes using BLAST
score ratio (67) to reveal the pangenome of E. coli contained 2,200 core genes, many
annotated with metabolic functions, and 300 unique genes per genome (66). The study
also sequenced the first ETEC human isolates, E24377A and B7A, both of which
encoded the LT and ST enterotoxin genes (66). The ETEC genomes on averaged
contained a smaller chromosome (<4.9kb) than other pathogenic E. coli (>5kb), and
encoded a large number of mobile genetic elements, including insertion sequences (66).
The analysis also revealed a 4% genomic composition of mobile genetic elements,
compared to <1% found in other pathogenic E. coli (66). Six plasmids were found in
isolate E24377A and they all encoded different, but important, ETEC virulence genes
including eatA, colonization fimbrial components for CS1 and CS3, and the heat-labile
enterotoxin (66). Numerous insertion sequences throughout the chromosome and
plasmids were indicative of genetic rearrangement and DNA loss in those regions (66). A
2010 study of isolate H10407, a prototypical strain isolated from an adult in Bangladesh
(68), found that this strain was genomically similar to human and lab adapted commensal
E. coli strains HS and K-12, all of which belong to the E. coli phylogroup A (68). E. coli
phylogroups, which are based on groups of genes and are associated with different host
tropisms, include eight phylogroup clusters (69, 70). To date, most historical ETEC
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isolates belong to phlylogroups A or B1 (71), while extra-intestinal strains tend to belong
to E. coli phylogroups B2 and D (72). Though the chromosomes failed to yield unique
genes for either strain, the four plasmids of H10407 encoded virulence genes and
conjugative transfer component genes similar to those found in E24377A (32, 66, 68). Of
the 3,741 genes conserved between ETEC isolates H10407, E24377A, and B7A only 188
of those genes were absent from the commensal strain E. coli HS (68). The conserved
synteny and chromosomal content between H10407 and commensal E. coli suggests that
pathogenicity is a product of plasmid and mobile element acquisition. This was further
supported by comparative genomic analysis of various ETEC in which few conserved
genes existed between isolates with the exception of plasmid-encoded components such
as enterotoxins, fimbria, and a fimbrial secretion system (CexE) (68).
ETEC genomes have been demonstrated to be incredibly diverse in subsequent
comparative studies on expansive isolate collections of the ETEC pathovar. An analysis
of 362 ETEC isolates from 20 countries found that the pathovar is distributed across the
E. coli phylogenetically with most belonging to the B1 and A phylogroups (32), a finding
also confirmed by Sahl et al of ETEC isolates from Bangladesh and Guinea-Bissau (71,
73). It was also demonstrated the ETEC belong to numerous lineages that shared
plasmid-encoded virulence genes and are distributed around the globe (32). More so,
serotype analysis has revealed more than 78 O and 34 H serotypes in 118 combinations
(18, 43).
As many as 42 ETEC lineages from more than 700 isolates have identified via
multi-locus sequence typing (MLST), with 20 of those lineages arising within the same

14

country (74). These studies together demonstrate the vast genomic diversity of the ETEC
pathovar to an extent that is unique amongst pathogenic E. coli.

ETEC transcriptional regulation to environmental signals
Enteric response to host products
Transcriptional responses of enteric pathogens during infection have been shown
to play important roles in the progression of infection and disease for pathogens such as
Salmonella and Shigella species, as well as E. coli pathovars EHEC and ETEC (75-78).
EHEC O157:H7 has been shown to have the ability to sense and differentially regulate
virulence genes in response to signals present in the mammalian gut, such as
ethanolamine and norepinephrine (77, 78). Sperandio et al. have identified global
transcriptional regulators (LysR, QseC and QseE) that are induced in the presence of
ethanolamine and increase the expression of virulence genes in EHEC (77). Additionally,
ETEC studies have demonstrated that isolates respond to bile salts (79), and can utilize
metalloprotease (YghJ) to degrade mucin proteins (MUC2 and MUC3) which will
facilitate the colonization of the small intestinal epithelial (80).

General E. coli responses to bile
Since bile is a major host-produced component encountered by E. coli in the small
intestine (81), resistance to bile acids in both commensal and pathogenic E. coli has long
been known to be an important property for overcoming the environmental stress of the
small intestine where bile is most abundant (82, 83). A study comparing 72 E. coli
reference collection (ECOR) strains and 10 O157:H7 EHEC strains demonstrated that
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commensal and pathogenic strains had similar growth capabilities in sodium dodecyl
sulfate (SDS), a detergent often used to mimic bile salts exposure (84). Additionally, a
study in mice has demonstrated that the presence of bile salts in the gastrointestinal tract
is a selective pressure for E. coli that confers a fitness advantage for strains that can
survive and colonize in the presence of bile (85). In order to counteract the detergent-like
properties of bile, both commensal and pathogenic E. coli activate stress responses, efflux
pumps, and toxin/antitoxin systems to remove bile compounds (82, 86, 87). Stress
response genes induced by bile salts, like sulA, are used for the cessation of cell division
in order to correct damage to DNA and the membrane following oxidative stress (86, 8890), while efflux pump mechanisms, such as AcrAB-TolC, overcome bile acid toxicity
and confer resistance to bile (91). A study by Kwan et al. demonstrated that the
MqsR/MqsA (toxin/antitoxin) system degrades ygiS mRNA, a gene which encodes a
periplasmic protein that promotes uptake of the bile salt deoxycholate by the bacteria and
in turn increases stress on the bacterial membrane (87). Deletion mutants of ygiS in strain
BW25113 demonstrated improved growth and survival and reduced membrane damage
in the presence of the bile salt deoxycholate (87). Both commensal and pathogenic E. coli
utilize these mechanisms to resist bile; however, the pathogens also encode virulence
genes that are tightly regulated in response to bile and other environmental signals
present in the gastrointestinal tract in order to outcompete commensal organisms (76).

ETEC responses to bile
Studies of bile responses in ETEC have established bile salts to be an important
signal for inducing colonization factor expression in some isolates (79, 92-94).
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Sommerfelt, et al. demonstrated that bile salts exposure significantly increased the
fimbriated cell percentage (FCP) in numerous wild-type ETEC strains that were lacking
the virulence regulator CfaD (94). Other in vitro studies have demonstrated biledependent fimbrial expression of CS19 in ETEC strain F595C via electron microscopy
(93), while a transcriptional study by Nickalsson, et al. further identified mRNA
expression of CS5 fimbriae in response to a bile salt component sodium glycocholate
hydrate in four different ETEC strains (92). With regards to toxin production, preincubation with crude bile has been demonstrated to have direct inhibitory effects on the
ability of the heat-labile toxin protein binding to the GM1 receptor (95). Overall, these
results highlight the significance of up-regulating colonization mechanisms by ETEC in
response to bile before initiating toxin and virulence gene expression in the
gastrointestinal tract. Interestingly, a more recent study by Sahl, et al. used global
transcriptomics techniques to further verify bile salts as a trigger for virulence genes by
using qRT-PCR and RNA-Seq in a strain dependent manner (79). Variations in
enterotoxin gene expression between two severe ETEC prototype isolates in response to
bile were observed. The prototype ETEC strain H10407 had a significantly greater
increase in the expression of the heat-labile enterotoxin gene eltA as compared to
E24377A, while the heat-stable enterotoxin gene estA was induced in E24377A.
Moreover, colonization factors CS1 and CS3 were down-regulated in E24377A in the
presence of bile. Analysis of growth time points hinted at transcriptional responses being
potentially intertwined with a quorum sensing mechanism (79). The study suggests that
some ETEC isolates encode diverse transcriptional networks that can regulate virulence
genes differently in response to bile.
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Transcriptional Regulators
AraC-family regulators
E. coli use L-arabinose as a carbon source, and consequently, the AraC protein
acts as a transcriptional activator of numerous genes in E. coli (96). Many homologs to
the AraC transcriptional regulator exist in pathogenic E. coli species, including EHEC
and ETEC, and these AraC-family transcriptional regulators are important contributors of
global virulence gene regulation (96-99). The regulator proteins control the expression of
metabolic, stress-response, and virulence genes in E. coli strains (96, 97), and are
considered alternative therapeutic targets for pathogenic bacteria to circumvent antibiotic
resistance (100).

ETEC AraC-family regulators
Regulation of virulence genes in ETEC in response to a variety of host-associated
products encountered during infection has yet to be thoroughly explored in large
collection of diverse isolates. These regulatory responses contribute to the establishment
of colonization in the small intestine by ETEC, and may be important in the
determination of the diverse clinical presentations associated with ETEC infections.
One well-characterized AraC-like regulator, Rns, has been described as the prototypical
ETEC AraC-family transcriptional regulator that controls expression of the CFA/I operon
(cfaABCD) and a number colonization fimbrial antigens including CS1-CS4, CS14,
CS17, and CS19 (101). Rns binds to cfaD (cfaR) to regulate the cfaABC genes. Although
the protein appears to have dimerization regions, it has not been shown to homodimerize
(99, 102, 103). Rns and CfaD are homologs that both regulate virulence factors in ETEC
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(18, 104). A transcriptomics analysis using RNA-Seq of severe ETEC isolate E24377A in
response to bile described the up regulation of AraC-family regulator gene, peaR.
Comparative transcriptomics in this work further identified peaR expression in response
to growth in bile as potential therapeutic targets against ETEC infection (see Chapter 3).
Identification and characterization of these regulators in ETEC isolates representing
various clinical presentations and phylogenetic subgroupings will be important for further
understanding the heterogeneity within the ETEC pathovar.

Comparative transcriptomics of ETEC
Comparative transcriptomic methods include quantitative reverse-transcriptase
polymerase chain reaction (qRT-PCR) to identify gene expression of a limited number of
specific targets (105). In contrast RNA-Seq analysis is used to identify all of the gene
expression changes within an organism at a specific time and in a specific environmental
condition (106). ETEC genomics studies have revealed that ETEC-associated diarrhea
can involve multiple ETEC clones isolated from a single patient (73). Thus, these clonal
and non-clonal ETEC isolates can be compared to identify variations in transcription in
response to the same environmental conditions. Global transcriptional analysis using
RNA-Seq may then be correlated with the epidemiological or phylogenetic information.
Various host-associated stimuli have been demonstrated to induce expression of
ETEC virulence genes (18, 98, 107). The ETEC transcriptional responses to glucose and
bile have been of particular focus. Glucose appears to induce increased expression of LT
after binding the cAMP regulatory protein and is also believed to induce pili gene
expression (18, 108). Meanwhile, bile exposure in five ETEC strains induced CS5
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mRNA (92) as well as CS19 fimbrial expression in several different ETEC isolates (93,
94).
Sahl et al. utilized RNA-Seq to investigate the transcriptome of two severe
prototype ETEC isolates, H10407 and E24377A, in response to glucose and bile salts in
Luria broth (LB) and Dulbecco’s modified Eagle media (DMEM) (79). The exposure to
bile salts induced increased expression of virulence genes, including the enterotoxins, but
identified decreased expression of colonization factors (CS1 and CS3) (79). Comparisons
of the global transcriptomic responses to the environmental signals varied between the
two strains, and indicated that divergent transcriptional regulatory networks exist within
the prototype isolates of the ETEC pathovar. Additionally, the study identified a plasmidencoded AraC-family transcriptional regulator, peaR, as being induced in bile salts,
which suggested it might have an important role in virulence gene expression in during
ETEC infection. Identifying and assessing the transcriptional regulatory networks within
diverse collections of ETEC isolates will be important in understanding how the
heterogeneity observed from comparative genomic studies may influence disease
presentation and vaccine efficacy, especially of live-attenuated vaccine candidates.
Characterizing ETEC disease is an important step in vaccine and therapeutic
developing against this pathogen. Although the lack of a small-animal model of ETEC
disease has limited molecular pathogenicity studies, use of next generation sequencing
approaches including comparative genomic and transcriptomic analysis on diverse
collections of ETEC isolates will further reveal the host-pathogen dynamics of infection.
These studies should inform vaccine and therapeutic development in order to reduce the
mortality and morbidity of ETEC-associated diarrhea around the world.
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Chapter 2 – Comparative Genomic Epidemiology of Enterotoxigenic
Escherichia coli in Bangladesh

Contents of this chapter have been submitted as a manuscript to the American Society of
Microbiology Journal Infection and Immunity and is currently under review.

Introduction
The enterotoxigenic Escherichia coli (ETEC) pathogenic variant (pathovar) has
been implicated in 1 billion cases of diarrhea annually (109). These pathogens are
especially problematic in ETEC endemic areas, such as Bangladesh (53, 74). ETEC are
characterized on a molecular basis by the presence of genes that encode the heat-stable
(ST) and/or heat-labile (LT) enterotoxin (110, 111). These toxins activate the cystic
fibrosis trans-membrane regulator (CFTR) and impair other ion channels resulting in net
sodium chloride and water losses into the intestinal lumen with ensuing diarrhea in
infected individuals (112). In addition to the enterotoxins, ETEC possess fimbrial
appendages or non-fimbrial adhesion factors that attach to intestinal epithelium known as
colonization factors (CFs). Most ETEC-specific virulence factors including the CFs are
plasmid-encoded, with greater than 26 CFs described in the literature (20, 113).
In addition to known ETEC virulence factors, other putative virulence factors
have been recently identified, primarily in the prototypical ETEC isolate, H10407 (68).
These factors include the adhesin autotransporter TibA (114), the invasion locus tia
(115), and leoA (35), which has been associated with maximum LT secretion.
Additionally, the serine protease autotransporter EatA (49), which has only been
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identified in ETEC isolates (71), accelerates delivery of LT by degrading MUC2, the
major mucin secreted by gastrointestinal goblet cells (116), and by modulating adhesion
mediated by EtpA (117). EtpA is a glycoprotein that appears to act as a bridge between
FliC and host surface structures (44, 118). In addition to these previously identified
ETEC-associated factors, a study by Vidal et al. (119) suggested that an iron acquisition
system (irp2, fyuA), most similar to a system in Yersinia pestis (120, 121), may play a
role in ETEC virulence based on its variable presence in clinical ETEC isolates (122).
The majority of ETEC studies have focused on the prototype isolate H10407
(123, 124). However, detailed transcriptional studies using RNA-Seq have demonstrated
that the response to environmental and host signals, such as bile and carbohydrates, can
vary widely between ETEC isolates (125)(Chapter 3). Additionally, it had been suggested
that some putative virulence factors identified in H10407 are not widely distributed
among diverse ETEC isolates (68, 126). This suggests that the genomic diversity within
ETEC isolates is significant and a reference-independent global approach is required to
comprehensively characterize the genomic diversity.
The advent of large-scale sequencing has increased our understanding of the
evolution of the ETEC pathovar. Until 2014, there were relatively few sequenced and
assembled human-associated ETEC isolates, all from symptomatic patients, available in
Genbank (66, 68, 71), as well as, four porcine ETEC isolates had been sequenced (127).
A study by von Mentzer et al. in 2014 utilized a genomic mapping approach of
unassembled genomes for the examination of genome similarity in a collection of 362
global ETEC isolates (32). The isolates sequenced in the von Mentzer et al. study were
selected for the greatest variability of colonization factor and enterotoxin profiles from a
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historical collection of ETEC isolates maintained at the University of Gothenburg. This
study examines a collection of 94 ETEC isolates, 89 of which represent circulating
isolates within Bangladesh between 2002 and 2011. Eighty four of these isolates were
obtained from symptomatic individuals with ETEC diarrhea and 10 isolates obtained
from subjects asymptomatically colonized with ETEC. Comparative genomics promises
to provide novel insights into the evolution and distribution of ETEC virulence factors.
Although large-scale sequencing projects can now generate data from a large
number of isolates, the bioinformatics pipelines and comparative analyses to take
advantage of these large-scale genomic data have declined. This study highlights useful
methodology for comparing a relatively large number of genomes to identify global
genomic patterns, as well as local patterns within genomic sub-group within ETEC.

Material and Methods
Strain selection.
A total of 94 isolates, 84 associated with moderate to severe diarrheal illness and
10 from asymptomatic colonization were analyzed in this study (Appendix A - Table 1).
The majority of isolates (n=89) were collected at the International Centre for Diarrhoeal
Disease Research (http://www.icddrb.org) in Dhaka, Bangladesh in between 2002 and
2011. Effort was taken to minimize the number of passages of these cultures to prevent
the loss of plasmid or other unstable genomic features. Four additional isolates, Envira
8/11, Envira 10/1, Juruá 18/2, and Juruá 20/10, obtained from outbreaks of severe,
cholera-like ETEC diarrhea in the Amazon (128), and a single strain (ThroopD) from the
USA, isolated from a patient with severe diarrhea (129). These five isolates represent
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reference ETEC isolates. Disease severity associated with individual isolates was
assigned based on the clinical presentation at the time of isolation. ETEC isolates were
confirmed from lactose-fermenting colonies based on multiplex PCR using primers for
the LT, STh, and STp enterotoxin genes (130). For some of these specimens, multiple
isolates have been sequenced per patient (131); however, only a single non-redundant
representative of each clonal ETEC isolate was examined in this study.
Genomes from a study on ETEC diversity by von Mentzer et al. (32) were
downloaded from the Sequence Read Archive (Accession: ERP000733). Reads were
mapped to the three ETEC enterotoxins with BWA-MEM (132) and coverage was
calculated per base depth with the GenomeCoverageBed method in BEDTOOLS (133).
The breadth of coverage, or percentage of each target that was covered by a minimum
number of reads, was then calculated. Isolates with appropriate coverage on at least one
of the toxin genes were considered confirmed ETEC genomes. The breadth of coverage
analysis demonstrated that only 309 of the 362 genomes contained one of the three ETEC
enterotoxins at a minimum breadth of 80% (2x minimum depth of coverage). The
genomes were subsequently assembled with SPAdes v3.6.0 (134). Genomes with an
anomalous assembly size (<4.5mb) or a large number of contigs (>500) were removed
from further analysis. Finally, a core genome phylogeny was inferred with all remaining
genomes, including genomes sequenced in this study and external references (Figure 2.1).
Following this filtering pipeline, only 223 of the original 362 (61.6%) genomes from the
study by von Mentzer et al. (32) were used in downstream comparative genomic analyses
(Appendix A - Table 1), including genomes associated with symptomatic (n=178) and
asymptomatic (n=34) disease presentations.
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Figure 2.1. A core genome single nucleotide polymorphism (SNP) phylogeny of ETEC
genomes sequenced in this study as well as reference E. coli genomes. SNPs were
identified by NUCmer (135) alignments of query genomes against the reference genome,
K-12 W3110; these methods were wrapped by the NASP pipeline (136). A phylogeny
was inferred on the concatenated SNP alignment using RAxML v8 (137) including 100
bootstrap replicates. Nodes with greater than 90% bootstrap support are indicated by a
grey circle. ETEC genomes sequenced in this study are colored based on the clinical
observations at site of isolation or presented in literature.
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DNA extraction, sequencing, assembly.
Genomic DNA was extracted with standard methods as previously described
(138, 139) and the genomic DNA was sequenced on the Illumina HiSeq 2000 platform at
the University of Maryland School of Medicine, Institute for Genome Sciences, Genome
Resource Center. The resulting 100bp reads were assembled with the Celera Assembler
(140). The resulting assemblies and corresponding accession numbers are shown in
Appendix A - Table 1. In silico multi-locus sequence type (MLST) profiles were assigned
with a public script (https://github.com/Victorian-Bioinformatics-Consortium/mlst)
against the pubMLST E. coli database (141). As the Celera Assembler will remove
contigs with an anomalous coverage, all genomes were also assembled with SPAdes
v3.6.

Core genome single nucleotide polymorphism (SNP) phylogeny.
SNPs were identified from all genome assemblies compared to K-12 W3110
(142). Each query genome assembly was aligned to the reference with NUCmer (135)
and a direct mapping of query to reference was constructed. A self-alignment was
conducted for the reference with NUCmer and any SNPs falling within duplicated
regions were filtered from subsequent analyses. All identified SNPs (n=220,679) in all
genomes compared to the reference were concatenated. A phylogeny was inferred on this
concatenated SNP alignment with RAxML v8 (137) using the ASC_GTRGAMMA
substitution model (Lewis correction (143)). The NASP pipeline that wraps all SNP
identification methods is publically available (http://github.com/TGenNorth/NASP)
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(136). The Retention Index (144), which calculates the consistency of SNPs to a tree
topology, was calculated with Phangorn (145).

Identification of ETEC genes associated with clinical presentation and
phylogenomic-specific regions.
ETEC genomes and reference genomes (Appendix A - Table 1) were tested for
gene presence and absence using the LS-BSR approach (146). In addition to a global
comparison of all asymptomatic ETEC and symptomatic ETEC, a comparison was also
made on selected individual lineages from the whole genome phylogeny that contain a
combination of isolates from each clinical presentation (Appendix A - Table 1). Genomes
in specific lineages were interrogated with the LS-BSR approach (62).

in silico virulence factor screen of ETEC genomes.
All verified and predicted ETEC virulence factors were compiled for interrogation
of the genomes generated in this study (Appendix A - Table 2). The peptide sequence for
each factor was aligned against all sequenced genomes with TBLASTN in conjunction
with LS-BSR. The BSR value was calculated, and genes with a BSR ≥0.90 were
considered to be highly conserved. The proportion of genes that were determined to be
highly conserved in each group (clinical presentation or phylogenomic group) was
compared with a two-tailed significance test and the p-value was calculated from the
resulting z-score.
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in silico vaccine candidate antigen identification.
The LS-BSR approached identified 13,835 sequences shared between the 94
ETEC isolates. Using a bioinformatic pipeline employing peptide feature identification
software these sequences were screened for antigenic features that are potentially useful
for the identification of novel vaccine candidates in ETEC. The software programs
utilized included TMHMM 2.0 (147), HMMPFAM3, PSortB 3.0 (148), SignalP 4.1
(149), LipoP 1.0 (150), and detection of carboxy-terminal motif of aromatic amino acid
residues for outer membrane domains. Peptide sequences that further contained at least
two antigenic features from the three categorical groups of membrane spanning
(TMHMM and HMMTOP), membrane-bound via a signal peptide (SignalP and PSortB),
or lipoprotein structure (LipoP) were retained. Peptide targets were then screened and
retained if they were represented in >30% of the ETEC isolates, and <30% in commensal
and non-ETEC E. coli strains. The 4,498 retained sequences and their annotations are
listed in Appendix A, Table 4.

Results
Core genome single nucleotide polymorphism (SNP) phylogeny of ETEC.
To examine the phylogenetic relationship of the sequenced ETEC isolates in the
broader context of diverse E. coli and Shigella spp., a SNP-based phylogeny was inferred
from ~220,000 SNPs from 136 E. coli/Shigella genomes. The genomes from this study
include the 94 ETEC genomes sequenced in this study, eight previously sequenced ETEC
reference genomes, 34 reference E. coli and Shigella genomes representing prototype
members of each of the diarrheagenic pathogenic variants (Metadata and GenBank
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Accession numbers are included in Appendix A - Table 1). The results demonstrate that
the majority of ETEC genomes fall into the E. coli phylogroups A or B1 (Figure 2.1).
The genome of one isolate, 2845650, was a member of phylogroup E – a phylogroup
previously associated with limited number of ETEC isolates (32). The retention index
(RI) value as determined with Phangorn of this tree was 0.82, indicating significant
homoplasy, likely resulting from homologous recombination. This suggests that the
collection of isolates examined in this study is not evolving in a clonal manner.
The phylogenetic diversity of sequenced ETEC isolates was remarkable (Figure
2.2). The majority of the ETEC isolates sequenced in this study were isolated from
Dhaka, Bangladesh between 2002 and 2011, yet based on the relatedness displayed in the
phylogeny, the isolates are broadly distributed across the known diversity in E. coli. This
highlights that the genetic background of E. coli is generally amenable to the uptake and
maintenance of ETEC plasmids and virulence factors. However, no currently sequenced
ETEC genomes are present within Phylogroup B2, which suggests that this particular
genetic background is not amenable to the uptake or retention of ETEC plasmids.
Despite this overall phylogenetic diversity, genomes isolated from geographically
and temporally dispersed cases of diarrheal illness were phylogenetically similar. These
results taken as a whole indicate that particular combinations of pathovar-specific genes
and genomic backgrounds may be optimal for survival, virulence and transmission as
determined by the prevalence of the combinations genes in these and other studies (32).
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Figure 2.2. A heat map of the core genome single nucleotide polymorphism (SNP)
phylogeny of ETEC genomes sequenced in this study as well as reference E. coli
genomes associated with a heat map of BSR values of previously-characterized virulence
and colonization factors (Appendix A - Table 2). A BSR value of >0.9 was considered to
be present. Disease categories were assigned based on clinical observations. Orange
brackets around genomes indicate lineages (Groups 1-3) compared to identify coding
regions associated with the observed clinical presentations. The heat map was associated
with the phylogeny using the interactive tree of life (47).
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Bioinformatic analysis of symptomatic ETEC and asymptomatic ETEC for
known and putative virulence factors.
The ETEC isolates sequenced in this study were identified as members of this
pathotype, as they contained one or more of the enterotoxin genes (LT, STh and/or STp)
(Figure 2.2, Appendix A - Table 2). The presence of additional known and predicted
virulence factor genes was determined using LS-BSR (146). The results demonstrate that
the previously identified virulence factors of ETEC do not cluster among either the
asymptomatic ETEC or symptomatic ETEC isolates (Figure 2.2). Many of the virulence
factors (e.g. leoA) identified in the prototype isolate H10407 (68) were sparsely
distributed among the 94 isolates sequenced in this study (Figure 2.2). The etpA gene was
included in the initial analyses, but the five repeat regions in the 3’ end of the gene, each
~600 nucleotides, confounded proper assembly of this genomic region and precluded an
accurate estimation of etpA conservation. Proteomic analysis (151) of the strains
corresponding to the genomes analyzed here identified that EtpA was produced by more
than 60% of the isolates, and that the sizes of the secreted peptides were similar to that
reported for H10407 (~170 kD). Thus, etpA was removed from downstream in silico
analyses.
The data analysis did reveal correlations between certain combinations of
virulence factors, CF types, and phylogenomic location suggesting that some strains may
possess a suite of features that are more optimal for human infection. The boxes
highlighted in Figure 2.2 demonstrate phylogenetic groups of isolates that have similar
genomic content as defined by the phylogeny, and similar virulence factor profiles. As
highlighted in Figure 2.2, there are three monophyletic groups with a significant number
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of isolates that have similar virulence and colonization factor profiles, but are variable for
the clinical presentations. The distinction in the phylogenomic groups based on clinical
presentation is extended to the virulence factors, as all the symptomatic isolates are LT
and ST positive, whereas the asymptomatic isolates are only LT positive (Figure 2.2).
Interestingly, the majority of the isolates in the group 1 phylogenomic cluster are also
positive for the regulator known as peaR (125), which has homology to the rns regulator,
and is involved in colonization factor regulation (152). Group 2 isolates possess genes for
CS1, CS3 and CS21 and are all LT and ST positive (Figure 2.2). Interestingly, Group 2
contains both symptomatic ETEC and asymptomatic ETEC isolates (13 versus 7,
respectively), which is an altered distribution than is observed in the overall collection.
Group 3, one of the largest phylogenetic groups, contains primarily colonization factors
CFA/I or CS7, and encoded LT and ST genes. Overall, these examples demonstrate that
there is significant genomic and virulence factor diversity among these isolates, but there
are also common combinations of virulence factors and genomic backgrounds that may
create a more optimal pathogen or allow the isolate to survive in the environment. These
more common clones will need to be examined functionally to test these hypotheses.

Genomic epidemiology comparison of ETEC genome content.
To identify specific genomic regions a whole-genome large-scale BLAST score
ratio (LS-BSR) (146) comparison was conducted on the ETEC genomes sequenced in
this study, as well as a set of previously sequenced E. coli genomes (Appendix A - Table
1). This comparison allows direct examination of the conserved, divergent and unique
gene content of the entire set of genomes being examined in a reference independent
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manner. Our group has previously identified that there is a core component of the ETEC
genomes is phylogenomically linked (71, 125). The majority of ETEC isolates were
identified in phylogroups A or B1 (Figure 2.1), with only one ETEC genome in this study
identified in phylogroup E.
No features could be identified that were exclusive in the isolates from the clinical
presentations through an examination of the complete set of asymptomatic ETEC (n=23)
and symptomatic ETEC (n=262) isolates. The LS-BSR data set generated here was
examined for the prevalence of gene features within the phylogenomic distribution. When
the genomes were examined for features that were associated with symptomatic ETEC or
asymptomatic ETEC, we identified 28 features that were statistically (FDR p value <
0.05) associated with symptomatic ETEC (Appendix A - Table 3) and 28 features
statistically associated with the asymptomatic ETEC (Appendix A - Table 3). The genes
associated with symptomatic ETEC isolates included a number of hypothetical proteins,
phage related genes, as well as transcriptional regulators (Appendix A - Table 3). Coding
regions that were associated with the asymptomatic isolates primarily included
hypothetical proteins (Appendix A - Table 3). While none of these features stand out as
obvious virulence factors, they do provide additional features that may play a role in the
interactions of the host and pathogen.

In silico identification of potential vaccine antigens.
Bioinformatic screening using the LS-BSR predicted peptide sequences was used
to identify potential vaccine candidate antigens in ETEC. LS-BSR identified 13,835
nucleotide and peptide sequences among the 94 ETEC isolates. The peptide sequences
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were analyzed through a pipeline of software packages to identify antigenic features that
are common among candidate vaccine antigens including three categorical groups:
membrane spanning, membrane-bound via a signal peptide, and lipoprotein structure. A
total of 12,172 peptide sequences contained at least one of the antigenic features from the
three categories of features. Peptide targets were then retained if they were present in
>30% of the 94 ETEC isolates, and <30% in commensal and non-ETEC E. coli strains.
The screening identified 4,498 vaccine candidate targets that contain features of potential
vaccine candidates (Appendix A, Table 4). Peptide sequences representing some of the
most abundant categories of candidate vaccine antigens include transcriptional regulators
of the TetR and LuxR-families, outer membrane proteins, and efflux transporters (Table
2.1). Further characterization of the identified peptides using antibody microarray
screening from serum of ETEC-exposed participants will determine if any peptides may
serve as a potential vaccine candidate component.
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Table 2.1. Selected candidate vaccine antigens peptide sequences
Peptide ID
Annotation
peptide_179869
arabinose operon regulatory protein
peptide_826391
bacterial conjugation TrbI-like family protein
peptide_79132
bacterial regulatory, luxR family protein
peptide_1047733 bacterial regulatory, tetR family protein
peptide_638382
cation efflux system protein CusA
peptide_586439
colicin I receptor
peptide_117556
conserved hypothetical protein
peptide_122633
efflux transporter, RND family, MFP subunit
peptide_804768
flagellin
peptide_245392
homoserine/Threonine efflux family protein
peptide_887328
lysR substrate binding domain protein
peptide_258761
multidrug resistance protein MdtC
peptide_751928
ompA family protein
peptide_15681
outer membrane pore protein E
peptide_609539
periplasmic solute binding family protein
peptide_992209
pilin accessory family protein
peptide_232576
putative colanic acid biosynthesis acetyltransferase wcaB domain protein
peptide_268883
putative periplasmic domain protein
peptide_861799
putative secreted protein
peptide_173032
serine protease EspC

Table 2.1 Selected peptide sequences identified in in silico vaccine antigen screen
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Discussion
Outcomes of ETEC infection in humans range from asymptomatic colonization
and mild self-limiting diarrhea to severe cholera-like disease (52, 153). Despite the
prevalence of this pathovar in the developing world, current knowledge of genomic
diversity of ETEC derives from screening culture collections for an available collection
of virulence markers by PCR, and specific antibody responses to a limited number of
antigens. Many of these markers and virulence genes were identified or characterized in a
the prototype ETEC isolate, H10407. However, this isolate appears to contain a gene
repertoire that is not entirely representative of the majority of ETEC isolates surveyed
(32, 71, 126). In the current study, a diverse set of ETEC isolates were obtained and
sequenced from individuals primarily from Bangladesh. These genomes were then
compared in a reference-independent approach to understand the distribution of virulence
and colonization factors. With the development of massively parallel genome sequencing,
genomic comparisons are no longer reliant on comparisons to limited numbers of
prototype reference isolates.
ETEC genomic analyses to date have almost exclusively focused on pathogenic
isolates (68, 71), although asymptomatic ETEC isolates have been described in the
literature (32, 154-156). In the current study, the sequenced isolates include 84 ETEC
isolates from individuals with diarrhea (symptomatic ETEC) and 10 ETEC isolates from
asymptomatic individuals (asymptomatic ETEC); by including public genomes (32), the
numbers increased to 262 symptomatic and 23 asymptomatic genomes. However, it is
possible that an isolate currently identified as asymptomatic is actually a virulent isolate,
to which the host has immunity, rather than a truly avirulent isolate. Multiple host factors,
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including host nutrition and gastrointestinal microbiota composition, as well as multiple
immune mediators, and blood group antigen presentation on mucosal surfaces may be as
important as pathogen virulence factor content in determining clinical presentation. No
single gene feature distinguished ETEC isolates associated with symptomatic illness or
asymptomatic colonization; however comparative analyses did identify genes that
statistically segregate with the clinical presentation, thus providing potentially stable
genomic targets for virulence studies, functional characterization and/or additional
phylogenomic features for use as diagnostic markers (157, 158). The small number of
asymptomatic ETEC isolates precludes large-scale statistically robust investigations into
genes associated with disease; however this study presents a framework to analyze large
multidimensional datasets to identify genomic features positively associated with a given
phenotype. These studies highlight the utility of moving beyond the single gene approach
and taking a more systems biology approach to the study of ETEC pathogenesis.
The identification of vaccine candidate identification is an important area of
research in combating ETEC disease (17). The genomic diversity of the pathovar has
complicated empirical identification of vaccine antigens in ETEC (43), and although
children as young as age two demonstrate protection from natural infection (53) the
molecular mechanism of that protection is not yet known (54). ETEC-specific peptides
that are on the bacterial outer membrane, and thus exposed to the human immune system
are able to elicit a protective antibody response to future infections (17). Thus, in addition
to identifying conserved colonization factors within the ETEC pathovar, vaccine
development schemes also include identification of ETEC antigens that can provide
broadly protection against various serotypes. The genome-wide, high-throughput strategy
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employed in this study provides the framework for using in silico screening to identify
such conserved, antigenic ETEC vaccine candidates. The LS-BSR approach identified
13,835 sequences from 94 novel ETEC in order to detect antigenic peptide features. A
total of 4,498 potentially antigenic peptide sequences were identified in the screen and
will serve as immunogenic targets for additional in vitro screening using human sera. In
addition to the CF-identification and characterization, these potentially immunogens will
inform vaccine design studies that aim to include cross-reactive epitopes in multivalent
ETEC vaccines.
The whole genome phylogeny demonstrated the breadth of phylogenetic diversity
of the ETEC pathovar in Bangladesh (Figure 2.1, Figure 2.2). ETEC is one of the most
diverse E. coli pathotypes (32, 74) and have now been identified in all E. coli
phylogroups, with the exception of B2 (Figure 2.1). Phylogroup B2 is populated mainly
with extra-intestinal E. coli and more specifically, urinary tract E. coli, and as such they
do contain unique genes compared to the diarrheagenic E. coli phylogroups (146), but it
is unclear if these unique genes confer greater incompatibility with ETEC plasmids
harboring enterotoxins.
This observed phylogenetic diversity is mostly likely driven by the significant
number of mobile elements including phage and plasmids within the ETEC genomes, as
well as the fact that all of the pathovar specific virulence factors are encoded on plasmids
(66, 68). However, it must be noted that a number of reference ETEC isolates (32)
included in this study are from outbreaks that occurred many decades apart and on
different continents (Appendix A - Table 1), and yet the phylogenetic (Figure 2.1) and
virulence factor patterns (Figure 2.2) are very similar, suggesting that there may be an
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optimal strategy of pathogenesis in these organisms that leads to significant outbreaks.
One hypothesis could be that there is constant sharing of genetic material among the nonpathogenic or evolving-pathogenic isolates within a host or the environment that only
expands significantly when there is the optimal assemblage of the mobile genetic factors,
bacterial chromosomal factors, and the opportunity to infect a susceptible population or
host.
The results of this study are the identification of genomic regions differentially
present in isolates from different phylogenomic groups among the ETEC in Bangladesh.
Although, these studies highlight the difficulty inherent in directly correlating pathogen
genomics with clinical outcomes, they importantly demonstrate the feasibility of largescale genomic epidemiology as a tool for molecular characterization of these globally
important pathogens.
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Chapter 3 – Bile-induced Transcriptional Responses in Enterotoxigenic
Escherichia coli Isolates of Varying Clinical Presentations

Introduction
Enterotoxigenic Escherichia coli (ETEC) is a common cause of infectious
diarrheal illness in developing countries and a significant etiological agent of diarrhea in
travelers to endemic regions (159). The mortality is estimated as high as 500,000 deaths
annually (18), with the majority of the deaths among children under the age of five years
old (160). Children often experience recurring diarrheal infection (161), with the
secondary sequelae including delayed growth, stunting, and impaired cognitive function
(162-164). Additionally, travellers returning from regions with endemic ETEC have
resulted in expanded foodborne outbreaks in developed countries (28-30). As a result of
recent outbreaks in the U.S. and global epidemiological studies on enteric diseases (2)
ETEC has been identified as an emerging pathogen and a vaccine priority (159).
ETEC is molecularly distinguished from other diarrheagenic E. coli by the
presence of plasmid-encoded heat-labile (LT) and/or heat-stable (ST) enterotoxins (3, 8,
18). The LT toxin, which is similar in structure and function to cholera toxin (CT), binds
the GM1 ganglioside receptor on host epithelia (165), while the ST toxin binds guanylyl
cyclase (166, 167). Activities of these enterotoxins converge on the phosphorylation of
the cystic fibrosis transmembrane conductance receptor leading to the release of chloride
ions, and a net ion flux out of the cell which draws water out of the cell and results in a
profuse watery diarrhea (166, 167). The ability of ETEC to effectively deliver
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enterotoxins to their respective receptors in the small intestine following colonization is a
key feature of ETEC pathogenesis.
The majority of ETEC isolates also encode one or more colonization factors (CF)
which promote binding to a variety of glycoproteins on the small intestine epithelia (19).
To date more than 25 different colonization factors have been described in the ETEC
pathovar (19, 104). These colonization factors have been the focus of much of the ETEC
vaccine development over the last 20 years (17). Additional ETEC virulence factors that
aid colonization include adhesins and proteases (18). The serine protease autotransporter
of the Enterobacteriaceae (SPATE) family protein encoded by eatA (49) degrades MUC2,
the principle mucin in the small intestine (116). The etpBAC two-partner secretion locus
responsible for secretion of the EtpA adhesion (168) also facilitates adherence of ETEC
to the intestinal epithelia by serving as a molecular bridge between the tip of the flagella
and host cell receptors (168) to provide the interaction for efficient delivery of the LT
enterotoxin to small intestine epithelial cells (169).
Global transcriptional regulation in ETEC has not yet been examined in detail
beyond a limited number of conditions in a limited number of prototype isolates (79), and
the majority of the transcriptional studies have focused on only the expression of a small
number of virulence and factors such as the enterotoxins. Several ETEC transcriptional
regulatory proteins including Rns and CfaD, which regulate expression of CFA/I (104,
170), are also known to regulate the expression of several colonization factors including
CS1-CS4 and CS5 (103, 171). Additional recent studies have identified the
transcriptional changes in ETEC in vitro during engagement with epithelial cells (107)
indicating a complex and coordinated alteration of the bacterial cell surface upon
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interaction with the host epithelia during colonization. These transcriptional regulators of
virulence genes are thought to serve as potential therapeutic targets against ETEC
infection (98).
Bile is a major host secreted product encountered by ETEC bacteria during
colonization of the small intestine (172). Bile is a complex aqueous mixture containing
salts, proteins, and mucins and is excreted into the duodenum of the small bowel from the
liver to emulsify fats in the diet (172) and protect against bacterial overgrowth in the
small intestine (173). Enteric bacterial pathogens such as enteropathogeneic E. coli
(EPEC), Shigella spp., and ETEC have been demonstrated to exhibit enhanced
colonization and virulence gene expression in response to bile salts exposure (76, 79,
174, 175). EPEC up regulate a type 1 pilus subunit gene in response to bile exposure
(176), and Shigella flexneri that have been pre-exposed to bile salts exhibit enhanced
adherence to colonic epithelial cells following the induction of type III secretion system
effector genes ospE1 and ospE2 (174)(Faherty et al, 2016, unpublished). Study of the
ETEC transcriptome using two ETEC isolates associated with severe diarrhea, H10407
and E24377A, revealed that key virulence factor and transcriptional regulator genes were
transcriptionally altered following exposure to bile salts (79). Thus, ETEC colonization
of the small bowel, where bile is most concentrated is believed to prompt a global
transcriptional response important for ETEC pathogenesis.
Although genomic epidemiological analyses of ETEC isolated from various
geographical locations over several decades has revealed pathovar-specific gene features
(32, 71)(Chapter 2), it is not yet clear how different combinations of virulence-associated
genes and other genomic content could impact the transcriptional patterns of these
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pathogens. The present studies focus on isolates obtained in Bangladesh from human
subjects exhibiting a range of clinical presentations. Genomic analysis of these isolates
did not reveal significant association between the presence and absence of any single
virulence gene with clinical presentation, but rather potential suites of genes that are
associated with different clinical presentations (Chapter 2). It is hypothesized that the
different clinical presentations in the absence of differences in gene content will be the
result of differential expression of virulence-associated genes in these isolates. This study
examines this hypothesis by using RNA-Seq and qRT-PCR to examine global
transcriptional responses to bile salts of ETEC isolates associated with different disease
severity.

Materials and methods
Isolate Selection and Growth Conditions.
The ETEC isolates included in this study were collected from human subjects at
the International Centre for Diarrhoeal Disease Research, Bangladesh (icddr,b)
(http://www.icddrb.org/). Fecal samples were obtained from study subjects exhibiting a
range of clinical presentations and the isolates were designated as either severe (choleralike diarrhea), mild (intermediate diarrhea), or asymptomatic colonization (colonized
with no diarrheal symptoms) at the time of isolation. Symptoms were described at the
time of sampling according to established criteria for diarrheal illness (177). ETECspecific isolates were selected as lactose-fermenting colonies grown on MacConkey agar
and verified as ETEC by multiplex PCR using primers for the LT, STh, and STp
enterotoxin genes, as previously described (130). Following identification, frozen
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duplicate glycerol stocks were immediately prepared to minimize serial passage in the
laboratory. The bacterial genome sequences were generated in the Institute for Genome
Sciences, Genome Resource Center (http://www.igs.umaryland.edu/grc) as previously
described (73). Four ETEC isolates were selected for further transcriptional
characterization in this study as they represent the spectrum of clinical disease severity
but containing similar toxin profiles (Table 3.1).

Isolate

Table 3.1 Selected ETEC strains, their clinical features and virulence profiles
GenBank
Clinical
Virulence Profile
E. coli phylogroup
Presentation
Accession #

2729250

Severe, Cholera-like

LT, ST, CS5, CS6

B1

AQEC00000000.1

2846750

Mild diarrhea

LT, ST, CS2, CS3

A

AQGG00000000.1

BCE032, M12

Asymptomatic

LT, ST, CS1, CS3

A

APXO00000000.1

H10407

Severe, Cholera-like

LT, ST, CFA/I

A

FN649414.1

a

E. coli phylogroup determined from whole genome phylogeny (see Figure 3.1).

Table 3.1 Selected ETEC Strains

These isolates represent the diverse clinical presentations, virulence and colonization
factor profiles (Figure 3.2), as well as E. coli phylogroups A and B1 as determined by
phylogenomic analysis (Figure 3.1). Bile supplemented samples were grown in media
supplemented with sodium choleate (Sigma), a crude ox bile extract that contains the
salts taurocholic, glycocholic, deoxycholic, and cholic acids. In this study the bile salts
supplementation will be referred to as bile. Each culture maintained cell viability as
determined by comparing bile salt supplemented and un-supplemented cultures grown to
OD600nm = 0.5 and 1.0 in LB and DMEM and spread plated on Luria agar up to 1:1000
serial dilution.
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Whole Genome Phylogeny.
A whole genome phylogeny was generated from the genome alignments of 92
icddr,b ETEC isolates and included the four isolates used in this study. The phylogeny
consisted of an additional 41 reference genomes of various Shigella and E. coli, including
pathogens, commensals, and laboratory isolates (Appendix B, Table 1). The genome
sequences were aligned with Mugsy x86-64-v1r2.3.1 (178) and the concatenated regions
from each genome were used to construct a maximum-likelihood phylogeny using
RAxML v7.2.8 (179). The phylogeny was generated with 100 bootstrap replicates and
visualized using FigTree v1.4.2 (http://tree.bio.ed.ac.uk/software/figtree/).

Comparative Genomics.
Large-Scale BLAST Score Ratio (LS-BSR) is a tool that compares the peptide
BLAST score ratio (67) against multiple genomes using each isolate’s genome as a
reference (62, 67). LS-BSR used the Prodigal gene-prediction algorithm (180) to generate
gene calls from the genomic nucleotide sequences of the four selected ETEC isolates
listed in Table 1. Genes were then clustered into homologous gene clusters based on a
greater than 90% nucleotide identity using USEARCH (181). Each homologous gene
cluster is represented by a centroid, a single nucleotide representative from that cluster,
which will then be used for comparative analysis between isolates (62). The LS-BSR
analysis was also used to determine gene presence of known and putative ETEC
virulence genes (Table 3.2). The results are visualized as a heat map generated using
Multiple Experiment Viewer (MeV) v4.8 (182) with HCL clustering, Pearson correlation,
and average linkage cluster analysis (Figure 3.2). The LS-BSR gene distribution analysis
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identified the presence of 39 known ETEC colonization factor and 27 ETEC virulence
factors (Table 3.2).
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Table 3.2 Colonization and Virulence factors
Colonization factors
Accession #
CFA/I
CS1
CS12
CS12_like
CS13
CS14
CS15
CS17
CS18
CS19
CS2
CS20
CS21
CS22
CS26
CS27a
CS27b
CS28a
CS28b
CS3
CS4
CS5
CS6
CS7
CS8
PCFO71

M55661.1 GI:145507
JX504012
AAK09047.1GI: 13096071
CP000247.1 GI:110341805
X71971.1 GI:2808449
AY283611.1 GI:33518930
X64623.1 GI:42117
AY281092.1 GI:33415291
AF335469.1 GI:29293003
AY288101.1 GI:33469477
Z47800.1 GI:897725
AF438155.1 GI:16923923
EF595770.1 GI:156121658
AF145205.1 GI:4836790
HQ203050.1 GI:323149976
HQ203047.1 GI:323149970
HQ203048.1 GI:323149972
HQ203049.1 GI:323149974
HQ203046.1 GI:323149968
X16944.1 GI:41155
AY281092.1 GI:33415291
AJ224079.2 GI:4581998
U04846.1 GI:442380
AY009095.1 GI:13096067
AB049751.1 GI:15207762
AJ224079.2 GI:4581998
Virulence factors
Accession #
AatA_outermembrane_protein_Ecoli042 FN554767.1
AatB_protein_Ecoli042
FN554767.1
AatC_protein_Ecoli042
FN554767.1
AatD_protein_Ecoli042
FN554767.1
peaR, AraC_family_regulator_from_E24377A
CP000797.1
astA
AF160993.1
CexE
FN649418.1
Cluster6061_4
AY009096.1
EaeH
CP000800.1
eatA
AY163491.2
eltA
K01995.1
etpA_trunc
AY920525.2
fyuA
Z38064.1
hcp
AF044503.1
heat_stable_enterotoxin_human
M34916.1
heat_stable_enterotoxin_porcine
M25607.1
Hypothetical_protein_9518
CP000795.1
irp2
JQ868760.1
leoA
AF170971
rns
J04166.1
tia
U20318.1
TibA_autotransporter
AF109215.1
yghJ
DQ866820.1

Table 3.2 Colonization and Virulence Factors Screened in ETEC
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RNA-Seq.
Cultures were resurrected from frozen stocks on Luria agar overnight and then
liquid cultures in LB or DMEM/F-12, HEPES were grown with or without
supplementation of sodium choleate (Sigma-Aldrich) to a final concentration of 3%
weight/volume as previously described (125). Total RNA was extracted from biological
duplicates for each sample using the RiboPure RNA Purification kit, bacteria (Ambion).
Enrichment of mRNA was conducted using the Ribo-Zero rRNA Removal Kit (Illumina)
prior to sequencing. Enriched mRNA samples were then used to generate a sequencing
library, which was sequenced using the Illumina HiSeq platform at the Institute for
Genome Sciences Genome Resource Center
(http://www.igs.umaryland.edu/resources/grc/index.php).

RNA-Seq Analysis.
To identify transcripts in an unbiased fashion the sequencing reads were aligned
to their respective genomes using a Bowtie alignment (183), and HTSeq was used to
calculate the number of read counts for each sample (184). The fold-change in expression
between the bile supplemented and un-supplemented experiments was determined using
DESeq v1.5.24 and R-package v2.15.2 (106).
In order to compare differentially expressed genes between isolates a core set of
conserved genes was identified using the LS-BSR analysis on the four ETEC genomes
selected for RNA-Seq experiments (62). The RNA-Seq reads from each genome were
then aligned to the 6,891 sequences that were identified as conserved between the four
ETEC isolates. In both isolate-mapped and core-mapped RNA-Seq analyses the
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differentially expressed genes were considered significant if they were greater than or
equal to 2-fold change in expression (log2 fold change >1.0 or <-1.0) as compared to
control, samples without supplement, had a p-value ≤0.05, and a false discovery rate of
<0.5. Global transcriptional changes from RNA-Seq analysis were visualized using
Circleator v1.0.0rc1 (185).

Quantitative Reverse Transcriptase-PCR.
Additional transcriptomic screening using qRT-PCR analysis examined
differential expression of virulence genes and genes of interest in 29 ETEC isolates
(Table 3.6) of varying clinical presentations (severe, mild, and asymptomatic) and
representative E. coli phylogroups (A, B1, and E). A total of 27 genes were screened via
qRT-PCR including seven canonical ETEC virulence genes, 18 differentially expressed
genes identified in the LB-bile experiment, and two genes that were identified as
reciprocally regulated in LB-bile (Appendix B, Table 2). The RNA polymerase subunit A
gene, rpoA, was used as an internal control. RNA was isolated from the 29 ETEC isolates
as was completed in the RNA-Seq experiments in LB, LB-bile, DMEM, and DMEM-bile
cultures grown to OD600nm=0.5. Bile supplementation was a final 3% (wt./vol.) sodium
choleate to the respective media. The cDNA for each sample were generated using the
SuperScript III First-Strand Synthesis System (Invitrogen) using 50ng/µL random
hexamers. The qRT-PCR screening was done on a 384-well plate with 1:20 dilutions of
cDNA in triplicate. The total reaction volume of 10µL using 5µL of 2X Power SYBR
Green Master Mix (Applied Biosystems) and 1µL of each forward and reverse primer
(Appendix B, Table 2). Reactions were incubated and cycled on the 7900HT Fast Real-
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Time PCR System (Applied Biosystems) machine using SDS v2.4 software for 34 cycles.
Real-time cycle-threshold (CT) values were determined after incubations at initial
temperatures of 50˚C (2 min), followed by 95˚C (10 min), 95˚C (15 sec), and 60˚C (1
min). The fold difference in gene expression of each gene is reported as 2-∆∆CT values
generated from the ∆CT values. The ∆CT values were calculated by subtracting the
average CT of the control cultures, without supplement, from the CT of the isolates
grown in bile-supplemented media. The ∆∆CT values were then calculated by subtracting
the average rpoA calibrator ∆CT values from the bile supplemented ∆CT value for each
gene screened.

Results
Comparative Genomics of ETEC Isolates.
Comparative genomic analysis of ETEC has revealed that the pathovar exhibits
considerable genetic diversity (32, 71, 186, 187). Therefore, prior to examining the
transcriptional profile of the four selected ETEC isolates in this study (Table 1), it was
necessary to examine the genomic content. Whole genome phylogenomics was
performed as previously described (71) and the inferred phylogeny was constructed to
provide a visual comparison of the four ETEC genomes amongst a collection of an
additional 88 ETEC isolates and 41 reference E. coli and Shigella isolates (Figure 3.1).
The associated clinical presentations of the ETEC isolates included in the phylogeny is
denoted by color with a majority of the icddr,b ETEC isolates 72 of 92 (78%) associated
with severe diarrheal disease (Figure 3.1). The ETEC isolates primarily aggregate into
two E. coli phylogroups, A and B1 as previously described (32, 71, 73, 188). The four
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selected ETEC isolates include the prototype severe isolate (ETEC H10407) of
phylogroup A, a second severe isolate (ETEC 2729250) of phylogroup B1, and a mild
(ETEC 2846750) and asymptomatic isolate (ETEC BCE032, M12) both of phylogroup A
(denoted by black dots in Figure 3.1). The diversity within the phylogeny provided a
framework for examining potential transcriptomic associations of ETEC isolates
belonging to different E. coli phylogroups and clinical presentations.
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Figure 3.1. Whole Genome Phylogeny of E. coli and Shigella species. The whole
genome phylogeny of 92 icddrb ETEC isolates was preformed as previously described by
Sahl et al (71). The ETEC isolates used in the transcriptomics analysis are indicated by
black dots. The genome sequences were aligned using Mugsy, the tree generated as a
RaxML version 8 with 100 bootstraps, and the tree visualized using FigTree
(http://tree.bio.ed.ac.uk/software/figtree/) (178, 189). The clinical presentations
associated with the ETEC isolates are indicated by color; red – severe cholera-like
disease, yellow – mild self-limiting diarrhea, green – asymptomatic isolates, black – 41
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reference E. coli and Shigella isolates. The scale bar represents 0.006 nucleotide changes
per site on the phylogeny. The ETEC isolates are distributed in comparison to isolates of
the other E. coli pathovars and irrespective of clinical presentation.
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Further comparative genomic analysis of the four selected ETEC isolates utilized
the large-scale BLAST score ratio analysis (LS-BSR) (62). The LS-BSR analysis of the
four ETEC isolate genomes selected for transcriptomic study generated a core group of
conserved genes shared between all four isolates. A total of 6,511 centroid sequences
were identified between the 4 ETEC isolates as being present with a BSR ≥ 0.8 and they
included shared gene sequences, as well as unique, isolate-specific genes that were only
present in one of the four ETEC isolates (Table 3.3). A total of 3,819 conserved, core
genes were encoded by all four ETEC isolates and provided the basis for comparative
transcriptomic analysis between the isolates. In contrast, a similar comparison of 92
ETEC isolates using LS-BSR identified a total of 14,065 centroid sequences amongst the
genomes (188). The number of unique genes identified among the four investigated
ETEC isolates ranged from as few as 151 in the asymptomatic isolate (ETEC BCE032) to
352 in the prototype severe isolate (ETEC H10407) (Table 3.3). There were also 172
conserved genes shared by just the severe isolates (ETEC 2729250 and H10407), but
absent in the non-severe isolates (ETEC 2846750 and BCE032). Overall, the genomic
content did not immediately identify potential explanations for the increased virulence in
some isolates but not others.

Isolate
2729250
2846750
BCE032
H10407
Total

No.
Centroid
sequences

6,511

Table 3.3 Differential expression of core and unique genes in response to bile salts
Core genes
Core genes
Core genes differential
Unique genes
Conserved Unique differentially
differentially
expressed in LB-bile and
differentially
genes
genes expressed in LB- expressed in
DMEM-bile
expressed LB-bile
bile
DMEM-bile
339
11
246
0
3,819
151
1,317
1,381
2,054
2
352
0
1,088
12

Table 3.3 Differential Expression of Core and Unique Genes in Response to Bile
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Unique genes
differentially
expressed
DMEM-bile
6
0
7
0
13

Genomic Distribution of Virulence Genes.
While the LS-BSR analysis identified many genes that were shared or unique in
each of these isolates, the ETEC virulence factor content was also examined in detail. An
in silico analysis of the isolate genomes for the presence or absence of 66 previously
identified ETEC virulence genes was completed (Table 3.2). A heat map demonstrating
the presence and absence of these genes within the four ETEC isolates is in Figure 3.2.
The genomes of all four ETEC isolates contain the heat-stable (ST) and heat-labile (LT)
enterotoxin genes, as previously identified by PCR screening following the clinical
isolation (130, 190). Colonization factors CS5 and CS6 were present in the non-prototype
severe isolate (ETEC 2729250), CS2 in the mild isolate (ETEC 2846750), CS1 in the
asymptomatic isolate (ETEC BCE032, M12), and CS3 was also identified in both the
mild and asymptomatic isolates (Table 1).
Additionally, the eatA serine protease autotransporter (SPATE) (116) was
conserved in each of the four selected isolates (Figure 3.2). The gene encoding
metalloprotease YghJ was present in the both severe ETEC isolates (75). The presence of
the well-characterized AraC-family transcriptional regulator, rns (103), is encoded in
three of the selected ETEC isolates but absent in the non-prototype severe isolate (ETEC
2729250). Conversely, the non-prototype severe isolate (ETEC 2729250) is the only
isolate to encode the AraC-family transcriptional regulator, peaR, which was previously
identified in ETEC isolate E24377A and demonstrated to be up regulated when grown in
LB-bile (79). Overall, the examination of known virulence factor profiles alone did not
provide clear links between these isolates and their corresponding disease presentation.
This warranted the transcriptomic comparison in growth conditions that have been
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demonstrated to increase the virulence gene expression (i.e. exposure to bile) in
commensal and pathogenic E. coli (191, 192), including ETEC (76, 79).
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Figure 3.2. Heat map of virulence gene presence in the four selected ETEC isolates.
Distribution of virulence factors in the selected ETEC isolates. To examine the
conservation of known virulence and colonization factors we compared the genomic data
of the four selected isolates using BLAST analysis of 39 colonization and 27 virulence
factors. 100% nucleotide identity match was represented by a solid red color, while a 0%
nucleotide match is a solid green color.
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RNA-Seq.
Previous study of ETEC transcriptomics in multiple prototype isolates revealed
that transcriptional profiles were not conserved among the prototype isolates (79). In the
current study, we examined the global transcriptome of four selected ETEC isolates from
multiple clinical presentations and phylogenomic groupings in order to compare global
transcriptional regulation in response to bile exposure that exists within the ETEC
pathovar. RNA-Seq was used to examine and compare ETEC isolates grown in LB and
DMEM media supplemented with bile. The RNA-Seq transcripts were mapped to each
respective genome and to the conserved, core set of sequence that was identified via LSBSR analysis. Mapping of RNA transcripts to each respective isolate’s genome revealed
global transcriptional alterations across the genomes of each of the four ETEC in LB-bile
(no shown) and DMEM-bile (Figure 3.3). Mapping RNA-Seq transcripts to the 3,819
conserved, core gene set provided a common dataset for determining the number of core
and unique genes that were differentially expressed in LB-bile and DMEM-bile by all
four isolates (Table 3.3). A Venn diagram of the conserved, core gene analysis also
demonstrates the overlap between shared and isolate-specific differential gene expression
in LB-bile and DMEM-bile for these isolates (Figure 3.4). There were 2,054 nonduplicate core, conserved genes that were differentially expressed in both LB-bile and
DMEM-bile by any of the ETEC isolates, when compared to growth without bile.
However, none of the 172 conserved, core genes shared exclusively by the severe isolates
(ETEC 2729250 and H10407), but absent in the non-severe isolates were differentially
expressed in either LB-bile or in DMEM-bile. Despite the similar differential expression
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in conserved genes in response to bile exposure, distinct variations in transcriptomic
responses were observed between each of the isolates in LB-bile and DMEM-bile.
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Figure 3.3 Global transcriptional responses of four ETEC isolates in DMEM-bile. The
panels depict the global gene changes in the severe ETEC 2729250 (panel A), mild
ETEC 2846750 (panel B), asymptomatically colonized ETEC BCE032 (panel C), and
prototype severe ETEC H10407 (panel D). In each panel the outer multicolored circle
shows gene expression changes (blue – no change, red – decreased expression, green –
increased expression). The black barcode circles show the forward and reverse genes
through the genome with tRNAs are in green. The green circle is the GC skew. The outer
purple histogram represents gene expression to DMEM-bile exposure, and the inner
purple histogram shows gene expression in the DMEM baseline as a control.
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Figure 3.4. Venn diagrams of differentially expressed conserved, core genes between the
four ETEC isolates in LB-bile and DMEM-bile. The Venn diagrams show the numbers of
conserved, core genes differentially expressed in RNA-Seq experiments to reveal shared
and isolate-specific gene regulation between the four ETEC. Panel A shows number of
genes up regulated in LB-bile, panel B shows number of genes down regulated in LBbile, panel C shows number of genes up regulated in DMEM-bile, and panel D shows
number of genes down regulated in DMEM-bile.
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RNA-S EQ M EDIA - SPECIFIC R ESPONSES (DMEM VS LB).
Cultures of each ETEC isolate in DMEM and LB media without bile
supplementation were used as the control in the RNA-Seq experiments and thus allowed
for the assessment of media-specific transcriptional responses in DMEM as compared to
LB media (Table 3.4). In total the four ETEC isolates differentially expressed 4,122
isolate-mapped genes in DMEM as compared to growth in LB. Of the 3,819 conserved,
core genes 1,621 (42%) were differentially expressed in DMEM. Many of the genes up
regulated in DMEM were annotated as metabolic and anaerobic growth genes, and
included numerous conserved hypothetical and fimbrial genes. All isolates except
H10407 decreased flagellar component genes fliG and flgABC in DMEM when compared
to LB. Instead, H10407 exhibited decreased expression fimbrial protein genes, fimDGH,
while the asymptomatic isolate (ETEC BCE032) up regulated CS1 and the AraC-family
transcriptional regulator, rns. Chemotaxis protein genes (cheA, cheY, and cheR) were
decreased in the asymptomatic isolate (ETEC BCE032) in DMEM as compared to LB,
and the mild isolate (ETEC 2846750) induced a cluster of genes encoding a cation efflux
proteins (cusABC, and cusF) (193). Gene expression of many transcriptional regulator
families encoding LysR-, TetR-, LuxR- and AraC-family proteins were decreased in
DMEM as compared to LB in the non-prototype severe (ETEC 2729250) and mild
(ETEC 2846750) isolates. However, H10407 increased the expression of several
transposase and LysR-family regulator genes. Additionally, Type F and Type IV
conjugative transfer genes were up regulated in non-prototype severe (ETEC 2729250)
and asymptomatic (ETEC BCE032) isolates in DMEM, while the same Type IV
conjugative transfer genes were decreased by the mild isolate (ETEC 2846750) in
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DMEM versus LB growth (Table 3.4). Assessing the gene expression in DMEM
compared to LB alone demonstrates transcriptome variability between the ETEC isolates
examined. The media-specific response also highlights how a complex mixture of
environment signals may impact ETEC transcriptional regulation during infection.

Table 3.4 Selected media-specific differentially expressed genes in RNA-Seq comparison of DMEM vs. LB growth
Gene ID
Annotation
FC
p-value
FDR
2729250_2155
flagellar motor switch protein FliG
0.26527873
3.93E-05
0.000573197
2846750_1991
flagellar motor switch protein FliG
0.1378669
1.23E-11
2.87E-10
BCE032_3742
flagellar motor switch protein FliG
0.01248519
8.34E-10
1.41E-07
2729250_1186
flagella basal body P-ring formation protein FlgA 0.12489603
3.44E-13
2.10E-11
2846750_1082
flagella basal body P-ring formation protein FlgA 0.06030232
7.29E-20
2.95E-18
BCE032_2030
flagella basal body P-ring formation protein flgA
0.02102208
1.85E-08
2.06E-06
2729250_1187
flagellar basal-body rod protein FlgB
0.13484777
7.68E-10
2.98E-08
2846750_1084
flagellar basal-body rod protein FlgB
0.05503761
5.68E-21
2.46E-19
BCE032_2029
flagellar basal-body rod protein FlgB
0.00431887
1.03E-12
1.09E-09
BCE032_4802
CS1 fimbrial subunit A
205.823624
2.69E-08
2.77E-06
BCE032_4803
CS1 fimbrial subunit B domain protein
154.939452
7.77E-09
9.70E-07
BCE032_5097
regulatory protein rns
14.2808672
7.32E-05
0.002540574
BCE032_3709
chemotaxis protein cheA
0.05157033
4.13E-06
0.000214339
BCE032_3703
chemotaxis protein CheY
0.03276901
1.51E-07
1.21E-05
BCE032_3705
chemotaxis protein methyltransferase CheR
0.06496786
1.11E-05
0.000500818
2729250_5224
cation efflux system protein CusA
28.6644326
8.82E-20
1.37E-17
2846750_0541
cation efflux system protein CusB
43.125887
2.19E-25
1.27E-23
BCE032_4114
cation efflux system protein CusC
16.3542149
4.21E-06
0.000216287
H10407_RS03225
cation efflux system protein CusF
3.40528342 0.00699535
0.055582847
2729250_5259
type IV conjugative transfer system pilin TraA
4.39937578
8.30E-06
0.000149912
BCE032_4608
type IV conjugative transfer system pilin TraA
3.95050973 0.00926117
0.127755353
2846750_5239
type IV conjugative transfer system pilin TraA
0.30471305
5.54E-05
0.000501373

Table 3.4 Selected media-specific differentially expressed Genes in RNA-Seq

RNA-S EQ - LB- BILE R ESPONSES .
Growth in LB-bile induced differential expression of numerous genes in the
ETEC isolates. The four ETEC isolates differentially expressed a total of 2,844 isolatemapped genes in the LB-bile media compared to the LB-only control (Table 3.5). Of the
3,819 conserved, core genes identified via LS-BSR, 1,317 genes (34%) were significantly
differentially expressed by at least one of the four isolates in LB-bile (Table 3.3). The
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non-prototype severe isolate (ETEC 2729250) had the greatest number differentially
expressed isolate-mapped and conserved, core genes in LB-bile condition, whereas the
asymptomatic isolate (ETEC BCE032) had the fewest isolate-mapped and conserved,
core genes that were differentially expressed in LB-bile (Table 3.5).

Table 3.5 RNA-Seq differentially-expressed genes in response to bile
LB-Bile
DMEM-Bile
Isolate mapped a
conserved core genes b
Isolate mapped a
conserved core genes b
Isolate
Increased
Decreased
Increased
Decreased
Increased
Decreased
Increased
Decreased
2729250
562
485
346
281
164
197
54
63
2846750
411
495
270
246
298
332
468
464
BCE032
90
144
52
103
267
179
146
80
H10407
328
329
262
176
340
490
249
298
Shared by 4 ETEC
--2
5
--2
3
a
isolate mapped indicates that the RNA-seq data is mapped to the genome of the isolate
b
conserved core gene mapping indicates that the RNAseq data was mapped to the 3819 conserved genes identified by LS-BSR

Table 3.5 RNA-Seq of Differentially Expressed Genes in Response to Bile

Transcriptional changes in all four isolates demonstrated a typical E. coli response
to bile with the induction of stress response and anaerobic metabolism genes, as seen in
previous studies using commensal and pathogenic E. coli (76, 88). Differential expression
of seven conserved, core genes was shared by all four isolates in LB-bile (Appendix B,
Table 3). These shared core genes included the increased expression of the glycerol-3phosphate dehydrogenase subunit A (centroid_9408) that is critical for anaerobic growth
in E. coli (194). The shared genes also included the decreased expression of genes
encoding protein E of the type II secretion system mechanism (centroid_11931)
important for secretion of the LT enterotoxin (195), and the heme exporter protein gene,
ccmB (centroid_9450) (196, 197).
The heat-labile enterotoxin gene (EC2729250_4514, EC2846750_4843,
ETEC_p666_0650), which was encoded by all four ETEC isolates, exhibited decreased
65

gene expression by only three of them in LB-bile as compared to LB: the mild and both
severe ETEC isolates. Isolate-specific gene changes in LB-bile compared to LB alone
included discordant regulation of colonization factor and virulence genes by each of the
four isolates. Two isolates, the severe ETEC (ETEC 2729250) and mild ETEC (ETEC
2846750) reciprocally regulated fimbrial and flagellar genes in LB-bile (i.e. the fimbrial
genes are increased in expression whereas, the flagellar genes exhibit decreased
expression). The CFA/I regulator D gene (EC2729250_5004), which regulates the CFA/I
fimbria for colonization of the small intestine epithelia (18), was significantly up
regulated in the non-prototype severe isolate (ETEC 272950), but down regulated in the
mild isolate (ETEC 2846750). Conversely, flagellar components were also reciprocally
regulated amongst these two isolates. The flagellar biosynthetic protein gene
(EC2729250_2096), flhB, was down regulated in the non-prototype severe isolate (ETEC
2729250), however, an operon encoding flagellar rod structural components within the
flgCDEFG operon were up regulated by the mild isolate (ETEC 2846750) in LB-bile.
Colonization factor genes encoding a fimbrial family protein in severe prototype isolate
(ETEC H10407) was down regulated in LB-bile. These data highlight the transcriptional
diversity among ETEC isolates that was previously identified (125).
The severe prototype isolate (ETEC H10407) also increased expression of genes
encoding several transcriptional regulators including a LysR-family protein
(ETEC_RS14650.p01), a regulator important for expression of a diverse set of genes
involved in metabolism and virulence (198). H10407 also up regulated a biofilmdependent modulation protein gene (ETEC_RS08465, centroid_16532), while decreasing
expression of colanic acid biosynthesis acetyltransferase gene wcaF (ETEC_RS11985,
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centroid_5566) needed for the production of the exopolysaccharide produced by E. coli
K-12 isolates during biofilm formation (199).
Another virulence gene that was significantly differentially expressed in an
isolate-specific manner was the immunoreactive serine protease autotransporter, eatA,
which is associated with mucin-degradation and enhanced virulence during infection (49,
116). All four isolates encoded eatA (centroid_19958), but only in the mild isolate (ETEC
2846750) was the expression of the eatA gene significantly decreased in LB-bile. The
down regulation of this protease may be associated with the decreased virulence of this
isolate during ETEC infection, however, more work will be required to confirm this
finding. It is unclear if any of these potential virulence factors play a role in the disease
process, but the identification in the transcriptional data suggests they warrant further
investigation.

RNA-S EQ - DMEM-B ILE R ESPONSES .
In DMEM-bile, the four ETEC isolates differentially expressed 2,267 isolatemapped genes (Table 3.5). Of the 3,819 conserved, core genes shared by all four isolates
a total of 1,381 (36%) were differentially expressed by at least one of the four isolates
when grown in DMEM-bile compared to growth in DMEM (Table 3.3). Overall, there
are fewer genes that are transcriptionally altered in DMEM-bile compared to DMEM, but
approximately the same number of the conserved, core genes are impacted in DMEMbile and LB-bile when compared to the respective control media that does not contain
bile. The prototype severe isolate (ETEC H10407) differentially-expressed the largest
number (830) of isolate-mapped genes, and the mild isolate (ETEC 2846750)
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differentially-expressed the greatest number of conserved, core genes following DMEMbile growth (923) (Table 3.5). Similar to the LB to LB-bile comparison, the
asymptomatic isolate (ETEC BCE032) differentially-expressed the fewest number of
both isolate-mapped and conserved, core genes in DMEM-bile (446 and 226,
respectively) (Table 3.5).
Interestingly, in DMEM-bile as compared to DMEM alone the non-prototype
severe isolate 2729250 up regulated etpA, while all other isolates down regulated this
gene (Figure 3.5). This severe isolate also was the only isolate to up regulate one of the
encoded colonization factor genes for CS5 (Figure 3.6). None of the other ETEC up
regulated their encoded colonization factor genes. Thus, in the presence of bile and a
nutrient-limited environment, severe ETEC 2729250 is able to activate genes for
colonization. This transcriptional response may explain the severe clinical presentation of
isolate 27292250 compared to the mild and asymptomatic isolates that did not up regulate
colonization genes in this growth condition.
Like the LB-bile response, DMEM-bile induced differential expression of genes
associated with stress response and metabolic responses needed for anaerobic growth.
The transcriptional alteration of five conserved, core genes was shared by all four ETEC
in DMEM-bile (Appendix B, Table 3). These included increased expression of genes
encoding the formate dehydrogenase beta and gamma subunits, which are important for
cytochrome-dependent enzymes during anaerobic metabolism in E. coli (200). Another
conserved, core gene that was shown to have shared differential expression was the
spheroplast protein Y (Spy) gene (centroid_12099) that was decreased by all four ETEC
in response to growth in DMEM-bile. The Spy protein is homologous to CpxP, a
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periplasmic stress response protein, and is a stress-induced periplasmic chaperone protein
that is conserved across the Enterobacteriaceae family to stabilize misfolded proteins
(201). Decreased expression of the Spy gene in DMEM-bile media suggests that DMEMbile exposure may be less stressful on bacterial growth than DMEM alone. This was
further indicated by the up regulation of the Spy gene in the non-prototype severe isolate
(ETEC 2729250) when grown in DMEM without bile supplementation as compared to
LB.
The heat-labile toxin (ETEC_p666_0660) was decreased in H10407, but
increased in the mild isolate (EC2846750_4496) in DMEM-bile compared to DMEM
alone. Interestingly, increased expression of the CFA/I regulator D gene
(centroid_20054) in the non-prototype severe isolate (ETEC 2729250) was observed in
DMEM-bile, similar to the LB-bile response when compared to the respective control
media. DMEM-bile also induced increased expression of several transcriptional
regulatory genes including the same LysR-family regulator gene (ETEC_RS14650.p01)
in both severe isolates (ETEC 2729250 and ETEC H10407), as well as the mild isolate
(ETEC 2846750). All isolates, except non-prototype severe isolate (ETEC 2729250), up
regulated expression of an efflux transporter gene encoding an efflux transporter called
the outer membrane factor (OMF), NodT family protein (ETEC_RS12390,
centroid_8015) in DMEM-bile compare to DMEM alone. The OMF protein is similar to
TolC and is responsible for export of toxic antimicrobial compounds such as bile and
colicin V (202).
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Figure 3.5. RNA-Seq of select virulence factors in response to DMEM-bile compared to
DMEM. The colors in the legend correspond to the ETEC isolate response in DMEMbile as compared to DMEM alone. The majority of the viruelnece factors were down
regulated in DMEM-bile. However, etpA, which encodes an adhesin and facilitates ETEC
colonization, was up regulated by both severe ETEC (H10407 and 2729250), and
significantly so by non-prototype severe isolate 2729250.
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Figure 3.6. RNA-Seq of colonization factor genes in response to DMEM-bile compared
to DMEM. The colors in the legend correspond to the ETEC isolate response in DMEMbile as compared to DMEM alone. Like the virulence factors in Figure 3.5, the majority
of the colonization factors were down regulated by the ETEC isolates in DMEM-bile.
Severe ETEC 2729250, which encodes CS5 and CS6, significantly up-regulated
expression of CS5 in DMEM-bile compared to DMEM alone.
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R ECIPROCALLY - REGULATED GENES .
Genes that were significantly differentially expressed in opposite directions in two
different isolates were considered reciprocally regulated genes (i.e. increased expression
in one isolate and decreased in another). There were 179 and 258 reciprocally regulated
genes in the LB-LBbile and DMEM -DMEMbile comparisons, respectively (Appendix B,
Table 4). Importantly, the reciprocal regulation of virulence factors was previously noted
among prototype isolates (79). Reciprocal regulation of the CFA/I fimbrial regulator
(cfaD) gene shown in Figure 3.9 demonstrates that severe isolate (ETEC 2729250)
increased expression this gene in both LB-bile and DMEM-bile, while the mild (ETEC
2846750) and asymptomatic (ETEC BCE032) isolates decreased expression of this
fimbrial regulator in each condition, respectively (Figure 3.9). Colanic acid biosynthesis
genes, important for capsular polysaccharide production and adhesion to host epithelia in
other pathogenic E. coli (203), were down regulated in both the asymptomatic (ETEC
BCE032) and prototype severe isolate (ETEC H10407) in DMEM-bile. The variability of
transcriptional responses amongst ETEC isolates in response to the same environmental
exposure further suggests that the overall genomic content impacts the regulation of a
significant number of genes, some of which are potentially important in virulence.
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Figure 3.7. RNA-Seq reciprocal regulation of CFA/I regulator (cfaD). The bar chart
shows RNA-Seq results for the CFA/I fimbrial regulator gene (cfaD) in the nonprototype, severe – Red, the mild – blue, and asymptomatic – green, ETEC isolates in
response to both LB-bile and DMEM-bile.
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Transcriptional regulators.
Numerous transcriptional regulators were differentially expressed by each of the
ETEC isolates in both LB-bile and DMEM-bile compared the to media without bile
(Appendix B, Table 5). Most of the genes encoded proteins belonging to the LysR-,
TetR-, LuxR-, or AraC-family of transcriptional regulators. LB-bile induced expression
of LysR-family regulators in several of the isolates (four in the mild isolate, and three
regulators in severe isolate H10407), while DMEM-bile led to decreased expression of
AraC-family regulators in two of the isolates (one in the asymptomatic isolate, and six in
the mild isolate).
The mild isolate (ETEC 2846750) differentially expressed the largest number of
transcriptional regulator genes in both LB-bile [n=18] and DMEM-bile [n=11], compared
to the respective control media. One LysR-family regulator (GEC2846750_5062) was up
regulated in LB-bile but down regulated it in DMEM-bile by the mild isolate (ETEC
2846750). A DeoR-family regulator was increased in expression in the prototype severe
isolate (ETEC H10407) in DMEM-bile. Meanwhile, the non-prototype severe isolate
(ETEC 2729250) had decreased expression of five AraC-family transcriptional regulators
in LB-bile. Interestingly, the AraC-family transcriptional regulator of ETEC, rns,
(GECBCE032_5097) which has been well-characterized as a prototype regulator of
colonization factors in ETEC was down regulated in the asymptomatic isolate (ETEC
BCE032) in DMEM-bile compared to DMEM. In all, differential expression of global
transcriptional regulators may result in the control a wide range of metabolic and
virulence genes and is critical to the understanding the transcriptional heterogeneity
within the ETEC pathovar. Elucidating the different response networks that are shared or
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divergent between isolates may begin to explain some of the differences in clinical
manifestations of ETEC colonization.

qRT-PCR Screening.
Since the transcriptomic profiles among the four ETEC isolates proved to be
significantly variable, the differential expression of select genes identified in RNA-Seq
analyses were further investigated using qRT-PCR screening on a larger collection of
ETEC isolates. A total of 29 ETEC isolates were selected for additional qRT-PCR: 10
associated with severe disease, 10 with mild diarrheal disease, and 9 isolates from
asymptomatically colonized participants. The selected isolates also represented an
approximately equal number of isolates from the A and B1 phylogroups (n=15 vs 13
respectively), as well as the one isolate that was a member of phylogenomic group E
(Table 3.6). The genes to be examined included seven canonical ETEC virulence factor
genes and 18 additional genes of which three were identified from RNA-Seq experiments
in LB-bile as increased or decreased in the single screened asymptomatic, mild or severe
diarrhea isolate. Like in the RNA-Seq experiments these isolates were grown in both LB
and DMEM media supplemented with bile, or not. The qRT-PCR screening verified the
decreased expression of the LT enterotoxin gene in the mild isolate in both LB-bile and
DMEM-bile as was observed in the RNA-Seq analysis (Appendix B, Table 6 and 7).
Although there were no clear transcriptional trends based on clinical presentation (Figure
6) or E. coli phylogroup (Figure 7), there were noticeable increases in gene expression in
the samples from growth in DMEM-bile as compared to LB-bile (Figure 6 and 7).
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Table 3.6 Diverse ETEC Isolates examined in qRT-PCR study
Isolate
H10407
2861200
2862600
2871950
201600_1
2729250
2860650
2864350
2735000
2730350
2846750
2719100
2722950
2726950
2845650
2848050
2726800
2851500
2720900
P0299483_2
BCE032_M12
BCE008_MS13
BCE011_MS01
BCE030_MS09
BCE006_MS23
BCE007_MS11
BCE001_MS16
BCE034_MS14
BCE002_MS12

Presentation
Severe
Severe
Severe
Severe
Severe
Severe
Severe
Severe
Severe
Severe
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Mild
Asymptomatic
Asymptomatic
Asymptomatic
Asymptomatic
Asymptomatic
Asymptomatic
Asymptomatic
Asymptomatic
Asymptomatic

E. coli Phylogroup
A
A
A
A
A
B1
B1
B1
B1
B1
A
A
A
A
E
B1
B1
B1
B1
B1
A
A
A
A
A
A
B1
B1
B1

Table 3.6 Diverse ETEC Isolates Examined in qRT-PCR Study
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Figure 3.8. qRT-PCR screen of 29 ETEC isolates by clinical presentation. The heat map
shows the ∆∆CT fold-change values for the qRT-PCR screen of 27 genes in 29 ETEC
isolates of varying clinical presentations (Appendix B, Table 6 and 7). Panel A shows the
LB-bile, while Panel B shows DMEM-bile. The genes included seven ETEC virulence
factor genes and 18 additional genes identified from RNA-Seq experiments in LB-bile as
increased or decreased. The heat map indicates decreased – red and increased – green
genes by each isolate in bile as compared to un-supplemented LB or DMEM media.
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Figure 3.9. qRT-PCR screen of 29 ETEC isolates by E. coli phylogroup. The heat map
shows the ∆∆CT fold-change values for the qRT-PCR screen of 27 genes in 29 ETEC
isolates of varying clinical presentations and HLC clustered by E. coli phylogroup
(Appendix B, Table 6 and 7). Panel A shows the LB-bile, while Panel B shows DMEMbile. The genes included seven ETEC virulence factor genes and 18 additional genes
identified from RNA-Seq experiments in LB-bile as increased or decreased. The heat
map indicates decreased – red and increased – green genes by each isolate in bile as
compared to un-supplemented LB or DMEM media.
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Discussion
The ETEC pathovar contains phylogenetically and phenotypically diverse isolates
that are associated with a range of clinical presentations, including asymptomatic
colonization (4, 18). Evaluating the genomic and global transcriptomic diversity within a
diverse collection ETEC isolates has not previously been described, yet remains a
valuable consideration for elucidating ETEC pathogenesis and vaccine design. These
studies represent an important step in understanding how ETEC responds to human
signals, such as bile, in the gastrointestinal tract impact ETEC during colonization and
infection. Phylogenomic comparisons between the four selected ETEC isolates in this
study identified a diverse genomic and virulence factor profile that appeared to inform
the variation in global transcriptomic profiles identified using RNA-Seq and qRT-PCR.
Since no single ETEC gene provided a clear link to clinical disease, we examined global
and isolate-specific transcriptional changes to observe and define the presence of
categorical trends between and amongst four ETEC isolates.
RNA-Seq revealed shared and isolate-specific transcriptomic changes in response
to bile in both nutrient-rich media (LB) and nutrient-limiting (DMEM, F12/HEPES)
media. The transcriptional responses to bile exposure revealed a stress and metabolic
response that is also seen in various commensal and pathogenic E. coli in response to bile
(76, 88, 192). Additionally, a number of known ETEC virulence (eatA) and CFA/I
subunit genes (cfaABCE) were transcriptionally altered in response to exposure to a bilecontaining environment. However, the patterns of gene expression varied considerably
between the severe prototype ETEC (H10407) and the non-prototype severe isolate
(2729250). Interestingly, colonization factor fimbrial genes, including CFA/I regulator
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gene (cfaD), were significantly increased in expression in the non-prototype severe
isolate (ETEC 2729250), in both LB-bile and DMEM-bile compared to the respective
media without bile. Most colonization factor fimbrial genes were either down regulated
or not differentially expressed in the other ETEC isolates in response to bile. The original
observation that bile salts induced CF expression in many isolates appears not to be an
ETEC pathovar wide trait (130). Functional interrogation of colonization efficiencies
between these isolates may determine if an isolate’s ability to respond in bile by
increasing expression of colonization factor genes may be more associated with severe
disease presentation than the presence of a single genetic marker.
Since this study included two severe disease-associated ETEC isolates, it allowed
for the comparison between the prototype ETEC isolate (ETEC H10407) and an
additional non-prototype severe disease isolate (ETEC 2729250). These two isolates
exhibited distinctly different transcriptomic profiles in both LB-bile and DMEM-bile.
While the non-prototype severe isolate up regulated the fimbrial gene encoding CFA/I
regulator gene (cfaD) in both LB-bile and DMEM-bile, the prototype isolate instead
down regulated a fimbrial family protein gene in DMEM-bile. The resulting
transcriptional responses indicate the unpredictability of gene expression within the
ETEC pathovar and demonstrate the need for diverse isolate collections in ETEC
pathogenesis studies. These data taken together suggest that there are multiple regulatory
pathways that respond to bile in the different ETEC isolates, irrespective of similarities in
their genomic content or clinical presentation.
Common transcriptomic trends shared by the isolates included the reciprocal
regulation of CFA/I regulator gene (cfaD) and flagellar basal-body rod component genes
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(flgG and flgF) in both LB-bile and DMEM-bile, compared to respective control media
without bile. Non-prototype severe isolate (ETEC 2729250) up regulated CFA/I regulator
gene (cfaD), down regulated flagellar biosynthesis gene, flhB, while the other three
ETEC up regulated flagellar component genes within the flgDEF operon and either did
not differentially express or down regulated colonization factor fimbrial genes.
Additionally, up regulation of numerous transcriptional regulators that control the
expression of various metabolic and virulence genes (lysR-family, tetR-family, araCfamily regulators) by all four ETEC isolates in bile exposure may provide further
framework for understanding transcriptional regulation mechanisms within ETEC. These
results demonstrate that ETEC isolates encoding similar virulence genes exhibit multiple
transcriptional response profiles in response to bile, and as expected, the responses appear
to support either the development of colonization or motility activity.
Screening of 29 total ETEC isolates of various clinical presentations using qRTPCR validated the RNA-Seq results and further highlighted the transcriptomic variation
within a genomically diverse collection of ETEC isolates. The variability in gene
regulation amongst ETEC isolates with diverse clinical presentations may inform studies
of ETEC vaccine candidate antigens. The prevailing view that the disease severity
associated with an ETEC isolate is dictated by a single or limited number of virulence or
colonization factors may prove to be significantly oversimplified. Instead, clinical disease
is most likely a multifactorial process involving host, microbiome and pathogen
responses. Therefore, therapeutics and vaccine designs should consider that risk factors
for disease must incorporate elements associated with global pathogenic responses and
the host’s metabolism in addition to host immunity.
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The diversity in genomic content and transcriptomic responses revealed in this
study exposes the complexity of gene regulation among isolates of the ETEC pathovar.
Further characterization of global transcriptional regulators and any host-associated risk
factors that facilitate colonization of ETEC in the small intestine where bile is abundant
are required in order to develop effect prevention and therapeutic measures against ETEC
disease.
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Chapter 4 – Characterization of the Plasmid-encoded AraC-like
regulator, PeaR, in ETEC isolate 2729250

Introduction
Enterotoxigenic Escherichia coli (ETEC) is a common etiological agent of
diarrheal disease in developing countries (4), and the primary cause of travelers’ diarrhea
in travelers to endemic regions (159). ETEC-associated disease is facilitated by the
colonization of ETEC bacteria in the small intestine where the heat-labile and/or heatstable enterotoxins are secreted to produce watery diarrheal illness (18).
The expression of ETEC virulence factors, such as the enterotoxins, has been
demonstrated to be induced in response to host factors, including the presence of mucosal
epithelia (107), as well as growth in bile salts to induce the enterotoxins genes (79). Bile
components have also been shown to induce transcriptional regulator genes of the AraCfamily (79), as well as the LysR and TetR-family as demonstrated in Chapter 3. AraCfamily transcriptional regulators are common in E. coli and are known to control the
expression of various metabolic, stress response, and virulence genes (97, 98). Rns, the
canonical AraC-family transcriptional regulator of ETEC, controls the expression of
numerous colonization factor antigens including CFA/I, CS1-4, CS14, CS17, CS19 and
PCF071 (98). Comparative genomics and transcriptomics of ETEC have previously
identified the presence of a similar AraC-family transcriptional regulator gene, peaR, in
severe ETEC isolate E24377A (125). The transcriptomic study in Chapter 3 also
identified that severe ETEC isolate, 2729250 also encodes peaR (Chapter 3). The peaR
locus from severe ETEC isolate E24377A was previously demonstrated to be
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significantly up regulated after exposure to bile in LB-bile, when compared to growth in
LB alone (79). However, unlike the rns regulon where rns expression leads to direct
activation of CF genes, expression of peaR coincided with decreased expression of cooA
(CS1), however no change in cstA (CS3) expression was observed in E24377A when
grown in LB-bile compared to growth in LB alone (79). Further characterization of the
peaR locus as observed in this study seeks to understand the significance of this AraCfamily transcriptional regulator in ETEC pathogenesis.

Materials and methods
Isolate Selection and Growth Conditions.
The ETEC isolate 2729250 was obtained from a human subject exhibiting severe
diarrheal disease at the time of isolation while in the International Centre for Diarrhoeal
Disease Research, Bangladesh (icddr,b) (http://www.icddrb.org/). Symptoms were
described at the time of sampling according to established criteria for diarrheal illness
(177). The isolate was selected as a lactose-fermenting colony grown on MacConkey
agar and verified as ETEC by multiplex PCR using primers for the LT, STh, and STp
enterotoxin genes, as previously described (130). Following identification, frozen
duplicate glycerol stocks were immediately prepared to minimize serial passage in the
laboratory. The bacterial genome sequence was generated in the Institute for Genome
Sciences, Genome Resource Center (http://www.igs.umaryland.edu/grc) as previously
described (73). The bile-supplemented cultures was grown for RNA-Seq analysis in
media supplemented with sodium choleate, a crude ox bile extract that contains the salts
taurocholic, glycocholic, deoxycholic, and cholic acids. The bile supplemented culture

84

maintained cell viability as determined by comparing bile supplemented and unsupplemented cultures grown to OD600nm = 0.5 in LB and DMEM and spread plated on
Luria agar up to 1:1000 serial dilution.

Bioinformatic identification of peaR and rns in ETEC.
The LS-BSR approach was used to identify the presence of peaR and/or rns in
collections of 98 from Bangladesh and a study of 333 ETEC isolates collected from
around the globe (32) of varying E. coli phylogroups (A, B1, and E) and clinical
presentations (severe, mild, and asymptomatic). The presence of peaR and rns using the
LS-BSR approach was determined by a BSR value of ≥ 0.8 which represented an 80%
nucleotide identity within the sequenced genome. Peptide alignment comparison
between PeaR and Rns was conducted and visualized in LALNVIEW 3.0 (204). An in
silico screen of the ETEC 2729250 genome for the genes encoded on E24377A plasmid
pETEC_73, which contains peaR, was conducted using the LS-BSR approach and
visualized in a heat map using the multiple experiment viewer (MeV) v4.8 (182).

Generation of ∆peaR::cat through mutagenesis of wild-type 2729250.
Substitution of the peaR gene was conducted using the λ–Red mutagenesis system
on severe ETEC isolate 2729250 (205). An overnight culture was grown in LB and
inoculated in a 1:1000 dilution into a 50mL of LB culture and grown to OD600nm = 0.5.
Plasmid pKD46, which carries the λ-Red recombinase and associated genes, was
electroporated into a 1mL suspension of cells in 10% glycerol following twice cycles of
pelleting and suspension using 10mL of 10% glycerol at 4˚C. The culture was recovered
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for 1 hour in 1mL of S.O.C. media (Life Technologies) at 30˚C followed by spread
plating of 100µL onto Luria agar plates containing carbenicillin at a 100µg/mL
concentration for overnight growth. Transformation was confirmed by plating on Luria
agar with ampicillin at a concentration of 75µg/mL. The pKD3 containing the
chloramphenicol cassette was digested with HindIII. PCR amplification of the
chloramphenicol cassette was conducted using primers encoding the cat cassette with
additional 40 base flanking regions homologous to peaR gene plus additional nucleotides
that incorporate a HindIII restriction site for cloning (Forward primer
=GTCAGAGAACTAT
TGCCTTGGCGCGTAGCAAAAACATTTTGTGTAGGCTGGAGCTGCTTC, and
Reverse primer = GTCAGAGAACTATTGCCTTGGCGCGTAGCAAAAACATTTTG
TGTAGGCTGGAGCTGCTTC). The PCR product of the cholarmphenicol cassette with
flanking regions homologous to peaR was gel-purified using QIAquick PCR purification
kit (Qiagen). ETEC strain 2729250 containing pKD46 was grown in 50mL subculture to
OD600nm = 0.1 at 30˚C followed by induction of λ-Red genes using 10mM 20% Larabinose. A total of 1µg of the cat-peaR PCR product was electroporated into 100µL of
cells that had been pelleted and washed in 10% glycerol. The culture was recovered at
37˚C for 1 hour in LB media and spread plated onto Luria agar plates supplemented with
75µg/mL chloramphenicol. Mutagenesis was confirmed via PCR screen for peaR
(Forward = CAATCACCAGAACAGTGGTG, and Reverse = GGGGAGGCAAGATTA
CAAAG) to identify the wild-type (1185bp) and disrupted gene replaced with the cat
cassette (1510bp). The mutant strain, ETEC 2729250 ∆peaR::cat is referred to as ∆peaR
in this study.
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Growth curves.
Growth of the wild-type ETEC 2729250 isolate and ∆peaR strain in LB, DMEM,
LB-bile, or DMEM-bile media was assessed using the Tecan Infinite 200 Pro 96 Well
Plate Reader. Shaking cultures of the wild-type and ∆peaR were grown in LB media
overnight and then each culture was diluted to a final OD600nm of 0.015 and inoculated in
triplicate into LB, LB-bile, DMEM, or DMEM-bile media on 96 well plates for a final
volume of 200µL per sample. For growth curve analysis, the samples were incubated at
37°C and the OD600nm absorbance was measured every 30 minutes for 12 hours. The
optical density was determined by subtracting the average OD600nm of the media without
inoculum from the average OD600nm of the inoculated samples at each time point.
Standard deviation was calculated in Excel from the triplicate of each sample at each time
point and ranged from 0 to ± 0.08.

RNA-Seq.
The ETEC 2729250 and ∆peaR were grown from frozen stocks on Luria agar
overnight and then inoculated into LB or DMEM/F-12, HEPES media (referred to as
DMEM in this study). The cultures were grown with or without supplementation of
sodium choleate (Sigma-Aldrich) to a final concentration of 3% weight/volume as
previously described (125). The strains were inoculated into LB, LB-bile, DMEM, and
DMEM-bile cultures grown to OD600nm = 0.5. Total RNA was extracted from biological
duplicates for each sample using the RiboPure RNA Purification kit for Bacteria
(Ambion). Enrichment of mRNA was conducted using the Ribo-Zero rRNA Removal Kit
(Illumina) prior to sequencing. Enriched mRNA samples were then used to generate a
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sequencing library, which was sequenced using the Illumina HiSeq platform at the
Institute for Genome Sciences Genome Resource Center
(http://www.igs.umaryland.edu/resources/grc/index.php).

RNA-Seq Analysis.
To identify transcripts in an unbiased fashion the sequencing reads were aligned to their
respective genomes using a Bowtie alignment (183), and HTSeq was used to calculate the
number of read counts for each sample (184). The fold-change in expression between the
bile salt supplemented and un-supplemented experiments was determined using DESeq
v1.5.24 and R-package v2.15.2 (106).
The RNA-Seq transcripts were considered differentially expressed if the fold
change was ≥ 2 as compared to cultures in un-supplemented media, and had a p-value
and false discovery rate of ≤0.05.

Quantitative Reverse Transcriptase-PCR (qRT-PCR).
Transcriptional analysis using qRT-PCR was conducted on cDNA from wild-type
and ∆peaR strain of 2729250. The RNA polymerase subunit A gene, rpoA, was used as
an internal control. RNA was isolated from each culture used in the RNA-Seq
experiments. The cDNA for each sample were generated using the SuperScript III FirstStrand Synthesis System (Invitrogen) using 50ng/µL random hexamers. The qRT-PCR
screening was done on a 384-well plate with 1:20 dilutions of cDNA in triplicate. The
total reaction volume of 10µL using 5µL of 2X Power SYBR Green Master Mix
(Applied Biosystems) and 1µL of each forward and reverse primer (Table 4.1). Reactions
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were incubated and cycled on the 7900HT Fast Real-Time PCR System (Applied
Biosystems) machine using SDS v2.4 software for 34 cycles. Real-time cycle-threshold
(CT) values were determined after incubations at initial temperatures of 50˚C (2 min),
followed by 95˚C (10 min), 95˚C (15 sec), and 60˚C (1 min). The fold difference in gene
expression of each gene is reported as 2-∆∆CT values generated from the ∆CT values. The
∆CT values were calculated by subtracting the average CT of the un-supplemented
control cultures from the CT of the isolates grown in bile-supplemented media. The
∆∆CT values were then calculated by subtracting the average rpoA calibrator ∆CT values
from the bile supplemented ∆CT value for each gene screened. The standard deviation
was calculated from the ∆CT values.

Target gene

Table 4.1 qRT-PCR gene primers
Forward primer
Reverse primer

GenBank accession

rpoA

TGTAGGCAATACGCTCCACA

GGTTATGTGCCGGCTTCTAC

U00096.3

CFA/I

GCTCTGACCACAATGTTGA

TTACACCGGATGCAGAATA

M55661.1

CS5

CTGATAACTTCAGTGTTGGC

GTAACAACTGTTGGACTAGC

AJ224079.2

CS6

TGCTTCATTCGGCAGCCATG

TGATTAGGCGTAACCTCTGC

U04846.1

eltA

TATAGCTCCGGCAGAGGAT

TCCAGGGTTCTTCTCTCCA

K01995.1

estA

TTCACCTTTCCCTCAGGATG

TCATGCTTTCAGGACCACT

M34916.1

rns

TGGACGCTGGGTATTATTGC

CGCAGCCTTACTCATTCTCA

J04166.1

peaR

AATGCAATCAAGAATGAGCA

GATGCACTAGAAATCCCAAT

ABV16340.1

Table 4.1 qRT-PCR Gene Primers
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Qualitative Motility Assay.
For the motility assay the wild-type and ∆peaR strains were grown in overnight
starter cultures in LB. Sterile toothpicks were used to inoculate soft agar plates containing
0.4% agar formulated with either LB or DMEM media. The plates were inoculate in
duplicate at the center of the plate and incubated at room temperature (25°C) overnight.
Motility was determined qualitatively by measuring the diameter of spreading from the
inoculation point outwards towards the edge of the plate and observing the plate colony
morphology.

Results
In silico analysis of peaR in 98 ETEC isolates.
The peptide sequences of peaR and rns align with an 80% amino acid identity,
with the highest identity in the DNA-binding domain regions (Figure 4.1). A
bioinformatic screen for the peaR gene in 98 non-redundant ETEC isolates revealed peaR
is encoded in 31% of these genomes (Table 4.2). The majority of the isolates encoding
peaR (96%) were associated with severe diarrheal disease; only one ETEC isolate
encoding peaR was associated with mild diarrhea. An additional 33% of the ETEC
isolates encoded the rns locus. Interestingly, all of the isolates encoding peaR, with
exception of ETEC E24377A, lacked the presence of rns. The remaining 34% of the 98
ETEC isolates fail to encode either peaR or rns, although numerous uncharacterized
AraC-family transcriptional regulators are present in this collection of genomes.
Additional screening of 333 ETEC isolates demonstrated peaR was encoded in 19% of
those ETEC, while rns was encoded in 13% of the 333 ETEC isolate collection from
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around the globe (Table 4.1). The peaR and rns genes encode a 209 and 265 amino acid
peptide, respectively.
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Figure 4.1. Peptide alignment of PeaR and Rns. The peptide alignment of PeaR and Rns
are shown in Panel A and depicts an 80% amino acid identity. The asterisks below the
sequence denote the amino acids that are conserved between the two sequences. Panel B
is the LALNVIEW visualization of the peptide alignment showing the color-coded
percent similarity within regions of the alignment ranging from nothing detected - white,
20-30% - light gray to dark gray, 40% - yellow, 50-60% - light orange to dark orange,
70% - red, 80-90% - light purple to dark purple, and 100% - black.
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Gene
peaR
rns
neither peaR or rns
Total

Table 4.2 Distribution of peaR and rns in ETEC
98 Bangladesh ETEC
Clinical presentation
isolates
Severe
Mild
Asymptomatic
31 (31%)
30
1
0
33 (33%)
18
8
7
34 (34%)
30
1
3
98

78

10

333 Global
ETEC
64 (19%)
44 (13%)
225 (68%)

10

333

Table 4.2 Distribution of peaR and rns in ETEC

In silico comparison of the peaR locus from ETEC isolates E24377A and
2729250.
The peaR locus was originally identified on plasmid pETEC_73 from severe
ETEC isolate E24377A (79). The pETEC_73 plasmid contains peaR, an additional AraCfamily transcriptional regulator, and CS1 fimbrial subunits A and B. Bioinformatic
screening of the sequenced draft genome of ETEC 2729250 for the pETEC_73 genes
identified 18 (23%) genes from the plasmid are also encoded in 2729250 isolate (Figure
4.2). Those genes include two reverse transcriptase proteins, seven transposases, seven
hypothetical proteins, a DNA methylase, and the twitching motility protein gene, pilT
(Figure 4.2). The low identity of pETEC_73 genes in isolates 2729250 and the presence
of transposases may indicate peaR is located on the 2729250 chromosome, or on a
recombinant plasmid that is divergent from pETEC_73.
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1.0
0.5
0.0

hypothetical protein
hypothetical protein
DNA methylase
hypothetical protein
mobC
hypothetical protein
transposase
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
integrase
IS66 family transposase
transposase
hypothetical protein
conjugal transfer protein, traA
pilus assembly, pilP
ATPase AAA
transposase
hypothetical protein
AraC-family transcriptional regulator
transposase
hypothetical protein
transposase
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
hypothetical protein
CS1 fimbrial subunit A
recombinase
replication initiation protein
integrase
hypothetical protein
hypothetical protein
hypothetical protein
transposase
hypothetical protein
hypothetical protein
hypothetical protein
twitching motility, pilT
hypothetical protein
hypothetical protein
transposase
hypothetical protein
hypothetical protein
resolvase
transposase
IS110 family transposase
group II integron reverse transcriptase/maturase
antirestriction protein, yubI
hypothetical protein
hypothetical protein
virulence factor
single-stranded DNA binding protein
recombinase
hypothetical protein
CS1 fimbrial protein subunit B
hypothetical protein
hypothetical protein
relaxase, nikB
pili assembly chaperone
transposase
transposase
hypothetical protein
transcription termination factor, nusG
hypothetical protein
hypothetical protein
pilus assembly protein
hypothetical protein
hypothetical protein
reverse transcriptase
antirestriction protein
hypothetical protein

Figure 4.2. Heat map of in silico screen for pETEC_73 genes in ETEC 2729250 genome.
The presence of genes from the ETEC E24377A plasmid pETEC_73 was determined
using the LS-BSR approach. The nucleotide identity for each pETEC_73 found in the
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sequenced genome of ETEC 2729250 is depicted in the heat map by color: blue – 0%,
black – 50%, and yellow – 100% identity.
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Growth curve analysis.
In order to assess the impact of disrupting of peaR in ETEC isolate 2729250 on
growth using four conditions were tested. There was no negative growth impact seen in
the ∆peaR strain as compared to wild-type isolate in LB, DMEM, LB-bile, or DMEMbile media (Figure 4.3).
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Figure 4.3. Growth curve comparisons of ETEC 2729250 wild-type and ∆peaR in the LB,
LB-bile, DMEM, and DMEM-bile. The growth curves of ETEC 2729250 wild and
∆peaR in the four growth conditions (LB, LB-bile, DMEM, DMEM-bile) were
determined by measuring the OD600nm absorbance every 30 minutes for 12 hours in
triplicate in a 96-well plate. The corresponding colors represent each strain and media
condition for each growth curve.
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RNA-Seq comparison between wild-type and ∆peaR.
The peaR gene was originally identified in a transcriptomic study of ETEC isolate
E24377A as being up regulated after growth in LB-bile (79). Global transcriptomic
responses of ∆peaR in LB-bile and DMEM-bile identified numerous transcriptional gene
changes compared to growth LB or DMEM media alone (Table 4.3). RNA-Seq of ∆peaR
in the bile supplemented LB and DMEM growth conditions induced transcriptional
changes that were both similar and divergent from wild-type response compared to media
without bile (Figure 4.4). In both LB-bile and DMEM-bile as compared to unsupplemented LB or DMEM media alone the most highly up regulated gene in ∆peaR
was the CFA/I fimbrial regulator gene (cfaD). CFA/I regulator up regulation was also
seen as the highest up regulated gene in wild-type in LB-bile and DMEM-bile compared
to LB or DMEM alone (Chapter 2).

Table 4.3 No. differentially expressed genes from RNA-Seq of 2729250 ∆peaR::cat
Growth Condition
LB-bile vs. LB
DMEM-bile vs. DMEM
DMEM vs. LB
LB-bile vs DMEM-bile

No. increased genes
229
86
398
383

No. decreased genes
309
126
430
417

Table 4.3 Number of Differentially Expressed Genes From RNA-Seq of ∆peaR::cat

The ∆peaR strain also up regulated the flagellar-basal body rod gene, flgB, in
DMEM-bile as compared to DMEM only. However, flagellar genes, such as flgB, were
down regulated in the wild-type strain in both LB-bile and DMEM-bile as compared to
LB and DMEM alone. Another group of gene alterations shared by both wild-type and
∆peaR strains included type II secretion system genes that encode a complex of 15-20 of
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which six (proteins C, D, E, F, G, and H) were demonstrated to have decreased
expression in LB-bile media as compared to LB alone. In LB-bile compared to LB alone
the ∆peaR strain up regulated colonic acid genes (wcaI and wcaA). In DMEM-bile as
compared to DMEM alone, colonic acid biosynthesis genes (wcaA and wcaD) were down
regulated by both wild-type and ∆peaR.
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Figure 4.4. Venn diagram of the number of genes differentially expressed by RNA-Seq.
The Venn diagram depicts the shared and strain-specific genes differentially expressed in
RNA-Seq experiments between the wild-type isolate and ∆peaR strain. Genes that had ≥
2 fold change and a p-value and false discovery rate of ≤ 0.05 were considered
differentially expressed. The overlap of shared or isolate/strain-specific genes that were
differentially expressed are shown. The number of genes that were increased in LB-bile
compared to LB is shown in Panel A, the number of genes decreased in LB-bile
compared to LB in Panel B. The number of genes increased in DMEM-bile compared to
DMEM is shown in Panel C, and the number of genes decreased in DMEM-bile
compared to DMEM is shown in Panel D.
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A major difference between wild type and ∆peaR in RNA-Seq analysis was the
regulation of colonization factor genes for CS5 and CS6. The ∆peaR strain significantly
up regulated both CS5 and CS6 genes in both LB-bile and DMEM-bile compared to LB
or DMEM alone. However, the wild-type only slightly up regulated CS5 in LB-bile and
DMEM-bile compared to the LB and DMEM alone (Figure 4.5). Interestingly, only the
wild-type down regulated CS6 in DMEM-bile (Figure 4.5).
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Figure 4.5. RNA-Seq differential expression of colonization factor and flagella gene,
flgB. The RNA-Seq log2 fold-change value for genes encoding CS5 and CS6 fimbrial
subunit genes, flagellar basal body rod gene, flgB, and CS1 type fimbrial major subunit
are show in the graph. The corresponding colors depict the differential expression of the
selected genes from wild-type and ∆peaR RNA-Seq experiments in LB-bile and DMEMbile as compared to LB or DMEM alone. Both wild-type and ∆peaR are shown to up
regulate CS5 subunit genes, while only the disruption of peaR leads to significant
increased expression of CS6 in both LB-bile and DMEM-bile. Surprisingly, ∆peaR
demonstrates an atypical expression of both colonization and motility genes by also
increasing expression of flgB in addition to the CS5 and CS6 genes in nutrient-limited
DMEM-bile as compared to DMEM.
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RNA-Seq media-specific gene changes in ∆peaR.
Many of the gene changes in ∆peaR grown in DMEM as compared to LB were
metabolic genes and phage protein genes. Differential expression of certain virulence
genes appeared to be media-specific responses. For example, the colonic acid genes
wcaA, wcaL, and wcaI were up regulated in DMEM a comparison between DMEM and
LB growth in ∆peaR. Conversely, numerous flagellar genes such as flgB, flgC, and flgD
were down regulated in ∆peaR grown in DMEM as compared to growth in LB. Lastly,
the putative CS6 fimbrial subunit B gene was up regulated in LB-bile results when
compared to growth in DMEM-bile in ∆peaR strain. Overall, the RNA-seq studies have
provided data for comparisons of wild type to ∆peaR in two different media (LB and
DMEM) with and without bile. A striking distinction between the wild type and ∆peaR
strains were the differential expression of colonization factor genes. This may indicate
that CS5 and/or CS6 may be gene expression targets of PeaR.

qRT-PCR of wild-type vs. ∆peaR for ETEC virulence genes.
Further transcriptomic analysis using a qRT-PCR screen of 4 ETEC virulence
genes encoded in ETEC 2729250 (CS5, CS6, LT, and ST) revealed discordant regulation
of both enterotoxin genes in LB-bile and DMEM-bile as compared to the unsupplemented media. Results of the qRT-PCR screening confirmed up regulation of CS5
and CS6 by ∆peaR in both LB-bile and DMEM-bile compared to LB and DMEM alone
(Figure 4.6). qRT-PCR also showed ∆peaR induced expression of both CS5 and CS6
genes in DMEM-bile compared to DMEM alone, a finding that was not significant in
RNA-Seq experiments.
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Figure 4.6. qRT-PCR of virulence gene expression in wild type 2729250 and ∆peaR. A
qRT-PCR screen of ETEC 2729250 wild-type and ∆peaR against LT, ST, CS5, CS6, and
flagellar rod protein gene flgB. The figure shows the log2 fold-change of the ∆∆CT foldchange for each gene screened. The error bars indicate the standard deviation of the ∆CT
values. Panel A shows LB-bile screen compared to LB alone, and Panel B shows the
DMEM-bile screen compared to DMEM alone. The results confirm the disruption of
peaR, as well as the increased expression of CS5 by both wild-type and ∆peaR as seen in
the RNA-Seq analysis.
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Qualitative Motility Assay.
RNA-Seq revealed differences in the transcriptional expression of flagellar genes
including flgB between the wild-type and ∆peaR strains. A motility assay of the wild-type
and ∆peaR was compared in the four growth conditions used in transcriptomic analyses
(Figure 4.7). Both wild-type and ∆peaR spread throughout the entirety of the LB media
plate, and both cultures/isolates were restricted in motility in DMEM media. However,
the addition of bile yielded a limited spreading motility by the wild-type in LB-bile
media, yet induced similar motility by both wild-type and peaR in DMEM-bile soft agar
media.

105

Figure 4.7. Motility of wild-type and ∆peaR in soft agar containing LB or DMEM media,
with and without bile. Panel A shows motility in LB alone, Panel B shows motility in
DMEM alone, Panel C shows motility in LB-bile, and Panel D shows motility in
DMEM-bile. The left-side plate in each panel was inoculated with wild-type, and the
right-side plate inoculated with ∆peaR. The RNA-Seq analysis predicted the decreased
motility of wild-type in LB-bile as compared to LB, as well as the increase in motility
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(via up regulation of flgB) by ∆peaR in DMEM-bile compared to DMEM. However, the
motility of the wild-type in DMEM-bile was not indicated in the RNA-Seq data.
Disruption of peaR appears to lead to increased motility in the presence of bile in both
nutrient-rich and nutrient-limited media.
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Discussion
AraC-family transcriptional regulators are responsible for activating the
expression of metabolic, stress response, and virulence genes in ETEC (97). Since these
regulators have been demonstrated to control multiple virulence factors which are absent
from commensal isolates these regulators may represent an ideal target for therapeutics
against pathogens, such as ETEC (100). Blocking the activity of these transcriptional
activators could provide an ETEC-specific target to a regulator that has global impact on
virulence gene transcription to prevent ETEC-associated diarrheal disease.
The in silico identification of peaR in 98 and 333 ETEC isolates demonstrates that
peaR is typically encoded at the exclusion of rns in all but one isolate (E24377A).
Comparisons of the pETEC_73 plasmid and ETEC 2729250 reveal that peaR may be
encoded on a plasmid as in E24377A, but it may be a divergent plasmid to pETEC_73
since the 2729250 genome lacks more than 50% of the genes encoded on pETEC_73.
Disruption of the peaR AraC-family transcriptional regulator did not create a
growth deficiency, yet it had a varied impact on gene expression in response to bilesupplemented media (Appendix C). The numbers of strain-specific genes that were
differentially expressed by ∆peaR compared to wild-type in the four growth conditions
differed between the LB-bile and DMEM-bile condition (Appendix C). The difference in
how each strain is transcriptionally altered in LB or DMEM media may also indicate how
the peaR locus itself may be activated. The AraC protein represses the araBAD promoter
in the absence of arabinose (97). Conversely, rns is activated in both minimal and richmedia and has not been shown to require a ligand for transcriptional activity (98). PeaR
may be similar to Rns in that it activates gene expression of target loci absent of an
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effector molecule. The larger number of strain-specific differentially expressed genes in
LB-bile as compared to LB as seen in Figure 4.4, may indicate that PeaR is most active
as either an activator or repressor in nutrient-rich media (LB) compared to nutrientlimited media (DMEM).
RNA-Seq of ∆peaR showed similarities to the wild-type 2729250 in that both
strains up regulate the CFA/I regulator gene (cfaD) gene in bile-supplemented media.
However, the disruption of peaR in the ETEC strain led to up regulation of both the CS5
and CS6 genes in bile-supplemented media, while the wild type down regulated these
genes in DMEM-bile compared to DMEM and only marginally up regulated them in LBbile compare to LB. This may hint that PeaR is a repressor of colonization factor genes,
especially CS6, and once disrupted leads to their transcriptional activation (Figure 4.5).
The functional comparison to assess motility differences between wild-type and
∆peaR demonstated that the PeaR regulator may also regulate flagellar genes in response
to bile. Wild-type and ∆peaR exhibited reduced flagellar gene expression in LB-bile
compared to LB alone: however, in DMEM-bile compared to DMEM ∆peaR up
regulated flagellar basal-body rod protein gene, flgB (Figure 6). This may be due to PeaR
repressing flagellar gene activation and resulting in enhanced motility upon disruption of
this locus. Oddly, even though transcriptional study revealed down regulation of flagellar
genes in both wild-type and ∆peaR in LB-bile, the motility assay saw limited motility in
LB-bile in the wild-type as compared to ∆peaR (Figure 7). Additionally, both wild-type
and ∆peaR appeared equally motile in DMEM-bile (Figure 7). Bacterial motility and
colonization typically do not occur simultaneously. However, if PeaR is repressing
colonization factor genes, specifically CS6, and the absence of PeaR regulation in a
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nutrient-limited, stressful environmental like DMEM-bile may allow colonization factor
genes to be expressed while the bacteria become motile and attempt to move to a more
suitable environment.
Many AraC-family regulators are known to have numerous DNA binding sites
(97, 99, 103). For example, Rns has been shown to have at least 31 DNA binding sites
within ETEC (98). Therefore the disruption of peaR might have many direct and indirect
consequences to gene expression in the ∆peaR ETEC strain. Further identification of
PeaR binding sites would prove useful in understanding how PeaR compares to the Rns
activator, and the exact role of this transcriptional regulator in ETEC disease.
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Chapter 5 – Future Directions

The studies in this work on ETEC pathogenesis aim at identifying the genomic
and regulatory determinants of disease. The extent of these studies in ETEC is limited by
the lack of a small animal model to mimic the infectious diarrheal disease seen in humans
(36). Additionally, the heterogeneity of the pathovar has made empirical and other
vaccine development efforts more complex than for other more homogenous enteric
bacterial pathogens and E. coli pathovars (17). The vaccine projects currently being
pursued have failed to provide cross protection against isolates encoding the various
colonization factors that have been identified in the pathovar around the world.
Therefore, the efforts of next-generation sequencing projects to understand the breadth of
the range of antigenic features and pathogenic mechanisms ETEC possesses, hope to
establish a working framework for future vaccine and therapeutic development. Although
prevention from all ETEC disease may not be entirely possible, with epidemiological
evaluation of risk factors for ETEC infection, including environmental and host factors
the contribute to disease, there may be new intervention protocols especially for the most
vulnerable people in endemic regions.

Comparative genomics.
Use of next-generation sequencing has provided an abundance of data for comparative
genomics and comparative transcriptomics analyses. Coupled with traditional molecular
methods, these “omics” approaches have facilitated the identification and characterization
of groups of isolates sharing a similar phylogenetic profile or clinical presentation. The
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data generated from these tools has also been useful for initial characterization of a
specific gene, such as peaR, from a both a genomic and transcriptomic framework, down
to a molecular approach. The “omics” techniques for assessing genetic and transcriptional
difference and similarities amongst the isolate collections provided a global perspective
on the ETEC isolate genome, as well as a geographically global perspective on the ETEC
pathovar. A majority of the ETEC isolates used in this work originated from Bangladesh
and generated a dataset for which conclusions regarding that geographical location could
be drawn. A similar analysis of global ETEC isolates has been performed, yet failed to
identify distinct geographical trends of colonization factors antigens (32). However,
future studies could incorporate more geographical areas such as those used in the GEMS
study to better describe the global distribution of ETEC serotypes for vaccine
development.
The comparative genomics analyses in this work used large collections of greater
than 89 ETEC isolates that allowed for the identification of genetic associations between
molecular components, such as colonization factors, and clinical presentation. The
studies in this work used ETEC collections that were both redundant, containing ETEC
clones isolated from the same patient, and non-redundant isolates for the comparative
genomic studies. Since redundant isolate collections are been demonstrated to be
phylogenetically diverse (73), continued research on redundant isolates could contribute
to work in describing the extent and mechanisms of genomic plasticity within ETEC.
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Comparative proteomics.
Incorporating high-throughput proteomics would complement the comparative
genomics and transcriptomics studies of this work and should also incorporate diverse
isolate collections. Studies using both comparative transcriptomics and proteomics reveal
that the transcriptional data does not necessarily reflect the protein production (207), but
datasets from each can help filter the data onto specific target proteins of interest (208).
Identifying post-translational modifications using 2-D gel electrophoresis in the
environmental conditions that most resemble the host gastrointestinal tract could confirm
whether gene expression changes manifest into changes at the protein level the amongst
diverse ETEC isolate collections. Additional functional assays to assess toxin product of
the LT or ST enterotoxins proteins following disruption of transcriptional regulators, such
as peaR, will complement the transcriptomic analysis provided in this work.

Characterization of peaR.
The identification of peaR regulation in ETEC was an interesting finding due to
the similarity between Rns. However, it proved to be significant once the presence of
PeaR was shown to be at the exclusion of Rns in most genomes. In an in silico screen of
more than ~500 ETEC genomes, still only one isolate encodes both rns and peaR on
separate plasmids. This introduces the question as to why these two regulators are
typically encoded separately. The peptide similarity between Rns and PeaR as seen in
Chapter 4 could hint they bind and compete for similar DNA binding sites and regulate
similar transcriptional targets. They could also have other indirect or directly inhibitory
effects on each other that prevents joint occurrence within most isolates. Smith et al.
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reported that Rns homodimerizes (209) although it has also been demonstrated to bind
DNA absent of dimerization (171). Since the Rns protein appears to have binding sites
that facilitate homodimzeration (98) this may also be true for PeaR. If PeaR and Rns are
both capable of dimerizing, the complex they form may interact to expand the role of
other regulatory networks such as seen with two LuxR transcriptional regulators as in E.
coli K-12 strains (210). However, a Pear-Rns heterodimer could also be non-functional
within the cell. This may explain why they are rarely seen encoded within the same
genome. Hetero- or homodimerization of Pear is plausible considering that AraC-family
regulators engage in DNA looping that could accommodate flexible protein dimers (98).
Nonetheless, it appears that peaR transcriptional characterization could have important
implications for identifying new transcriptional regulons in ETEC, as well as identifying
new therapeutic targets against ETEC disease.
PeaR transcriptional targets should be identified and compared to 31 different
DNA binding sites of the Rns transcriptional regulator (98). Continued work
characterizing peaR should also incorporate exchanging the rns and peaR regulators
between genomic backgrounds that originally contained the opposing regulator to
identify if they have similar or differing transcriptional impacts. Also, attempting to
encode both regulators within the same strain to assess the stability of their presence in
isolates other than E24377A, and the transcriptional impact that have both may have on
their respective regulatory targets.
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ETEC prototype strains.
ETEC H10407 has been used as the prototype isolate that consistently causes
severe diarrheal disease in humans (68). However, our studies demonstrated that the
isolate does not fully represent the wide variations in genomic or transcriptomic
capabilities within the ETEC pathovar. Identification and selection of additional
prototypes for severe disease, as well as prototypes to other disease severities such as
mild and asymptomatic colonization that cover diverse phylogenetic and transcriptional
profiles will aid future studies concerned to characterizing ETEC transcriptomic or
proteomic diversity.

Comparative transcriptomics.
The in vitro transcriptomics analysis in this work used growth conditions that
resembled exposure to host signals during ETEC infection along the gastrointestinal tract.
The use of LB and DMEM media provided a basis for analyzing transcriptomics in
nutrient-rich versus nutrient-limited conditions that may vary within the gut depending on
the nourishment of the host at the time of infection. Also, bile was used to specifically
assess growth in the small intestine environment (211). Although these conditions do not
perfectly replicate the gastrointestinal tract, they still revealed transcriptional contrasts
between ETEC isolates that encode similar virulence factors, particularly the LT and ST
enterotoxins, in response to the same growth conditions. The differences seen in
enterotoxin gene regulation are an indication that diverse transcriptional regulatory
networks exist in ETEC that may be important in disease progression. Future work using
in vitro methods should investigate additional growth and exposure environments and
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signals that resemble in vivo infection including gastrointestinal epithelial culture, human
enteroid model of the small intestine (212), or mice colonization models such as the CD1 mouse model used for colonization of ETEC H10407 (36, 118). These studies should
aim to find associations between genomic content of diverse ETEC isolates to the
colonization efficiency and persistence of these isolates these models.

Host and Environmental Factors.
An element of examining the epidemiological factors for ETEC disease that
should be included in the future work which utilizing large collections of isolates is the
incorporation of patient/host data. These data could include geographical location of
isolation or infection as was done in this study, as well as age, gender, blood type,
previous exposure to ETEC, diet, and other enteric pathogen disease history in order to
identify factors that might explain the range of clinical presentation associated with
ETEC. The heterogeneity and ongoing need to characterizing the pathogenic features of
ETEC provide plenty of hypothesis-driven and hypothesis-generating research for future
microbial genomics and bacterial pathogenesis studies. Future work on this pathovar
should include the topics that incorporate date available regarding environmental and
host factors in order to fully understand the host-pathogen interactions important in
ETEC-associated diarrheal illness.
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