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Enterotoxigenic Escherichia coli (ETEC) is an important pathogenic variant (pathovar) of E. coli in developing countries from a
human health perspective, causing significant morbidity and mortality. Previous studies have examined specific regulatory net-
works in ETEC, although little is known about the global effects of inter- and intrakingdom signaling on the expression of viru-
lence and colonization factors in ETEC. In this study, an E. coli/Shigella pan-genome microarray, combined with quantitative
reverse transcriptase PCR (qRT-PCR) and RNA sequencing (RNA-seq), was used to quantify the expression of ETEC virulence
and colonization factors. Biologically relevant chemical signals were combined with ETEC isolate E24377A during growth in
either Luria broth (LB) or Dulbecco’s modified Eagle medium (DMEM), and transcription was examined during different phases
of the growth cycle; chemical signals examined included glucose, bile salts, and preconditioned media from E. coli/Shigella iso-
lates. The results demonstrate that the presence of bile salts, which are found in the intestine and thought to be bactericidal, up-
regulates the expression of many ETEC virulence factors, including heat-stable (estA) and heat-labile (eltA) enterotoxin genes. In
contrast, the ETEC colonization factors CS1 and CS3 were downregulated in the presence of bile, consistent with findings in
studies of other enteric pathogens. RNA-seq analysis demonstrated that one of the most differentially expressed genes in the
presence of bile is a unique plasmid-encoded AraC-like transcriptional regulator (peaR); other previously unknown genetic ele-
ments were found as well. These results provide transcriptional targets and putative mechanisms that should help improve un-
derstanding of the global regulatory networks and virulence expression in this important human pathogen.

Despite the high incidence of death resulting from enterotoxi-
genic Escherichia coli (ETEC) infection, especially in children

in developing countries (55), the mechanisms and regulatory net-
works of ETEC virulence are still relatively unexplored on a
genomic scale. ETEC bacteria are characterized by the production
of the plasmid-encoded heat-stable (ST) and/or heat-labile (LT)
enterotoxin (11). ETEC release ST and/or LT into the host epithe-
lium, which elevates intracellular cyclic AMP (cAMP) that then
activates the cystic fibrosis transmembrane regulator (CFTR)
chloride channel; this activation leads to the secretion of electro-
lytes and, subsequently, water as diarrhea (43). In addition to ST
and LT, the enteroaggregative E. coli (EAEC) heat-stable entero-
toxin 1 (EAST1) protein, first identified in enteroaggregative E.
coli (45), has been found in many ETEC isolates with defined
colonization factor profiles (58); however, the contribution of
EAST1 to ETEC diarrheal disease is currently unknown (11).

ETEC bacteria adhere to intestinal epithelium by fimbrial ap-
pendages known as colonization factors (CFs) (12). CFs are struc-
turally and genetically diverse; to date, more than 25 CFs have
been identified (12). In addition to the CFs, studies have identified
other putative factors involved in ETEC pathogenesis. Recently, it
was discovered that the ETEC glycoprotein EtpA can act as a
bridge between the bacterial flagella and host epithelial cells (39).
EtpA has also been identified as a promising target for vaccine
development (37, 38). An additional virulence factor, EatA, a
member of the serine protease autotransporter of the Enterobac-
teriaceae (SPATE) family, has been identified in a wide diversity of
ETEC isolates (29). Although the function of the eatA gene prod-
uct in ETEC pathogenesis is unknown, a recent study used a
mouse model to demonstrate that EatA is immunogenic (36).

Many of the known virulence and colonization factors are dis-
tributed among ETEC genomes, with no universally conserved
ETEC core virulence gene set (35); however, the results of gene-

independent comparative genomic analyses suggest that ETEC
isolates share a conserved backbone that, while not unique to
ETEC, demonstrates that, irrespective of phylogeny, ETEC iso-
lates share a common core genomic structure (44). Several puta-
tive virulence factors, primarily identified in the prototypical
H10407 ETEC isolate (6), have been identified but are not widely
distributed in ETEC isolates (53). There is no small-animal model
of ETEC infection that recapitulates the human presentation of
disease; thus, many in vivo features of virulence remain unex-
plored.

The ETEC global regulatory networks for virulence factors are
largely unknown. To date, the majority of the ETEC transcrip-
tional studies have focused on the ETEC rns regulon (11), which
has largely been associated with the regulation of CF expression (3,
9, 23), although binding motifs have been identified adjacent to
other genes (44). No regulator has been identified that is associ-
ated with the expression of the enterotoxins.

Environmental and chemical signals have been shown to reg-
ulate virulence factors in a number of enteric pathogens, including
ETEC isolates. A recent study of a porcine ETEC isolate demon-
strated that the addition of spent media from E. coli DH5� over-
expressing LuxS resulted in reduced host cell death (60); this sug-
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gests that a quorum-sensing mechanism is present in ETEC. A
quorum-sensing system for other E. coli pathovars has been de-
scribed in detail (18, 25, 28, 51), and there is insufficient genomic
evidence to suggest that a similar mechanism does not exist in
ETEC. Additional gastrointestine-related environmental signals
that have been investigated include glucose, which has been dem-
onstrated to increase the expression of labile toxin in ETEC isolate
H10407 (4). Bile salts, which are found in significant concentra-
tions in the small intestine (15), are required for the phenotypic
expression of at least 5 ETEC CFs (48). In enteropathogenic E. coli,
bile stress has been shown to enhance adhesion to epithelial cells
(8). Bile has been demonstrated to be a potent in vivo signal for a
number of other enteric pathogens, including Salmonella, Vibrio,
and Listeria species (27, 33, 42, 47, 56). In Salmonella enterica, bile
was found to have a negative effect on colonization (32), but it
does appear to regulate several virulence-associated pathways
(31). Both Listeria (27) and Vibrio (47, 56) species respond to bile
by altering surface structures to increase resistance to the deter-
gent effects of bile, as well as by activating a number of virulence
factors. Based on these observations, it is clear that bile is a relevant
biological signal for multiple enteric pathogens.

Studies have also demonstrated that virulence factor expres-
sion can be affected by the presence of signals liberated by the
microbiota or coinfecting pathogens. A study by Crane et al. iden-
tified that the virulence of EPEC prototype strain E2348/69 was
enhanced by the release of ATP in the presence of heat-stable toxin
(STa) produced by an ETEC isolate (5). Interaction of isolates
from these two pathovars has also been previously noted in epi-
demiological studies (52). Studies of chemical signaling between
bacteria (intrakingdom) and between host and pathogen (inter-
kingdom) have been conducted on related E. coli pathovars (35),
but to date no detailed genome scale transcriptional studies have
been concluded on any members of the ETEC pathovar.

The goal of this study was to examine the global gene expres-
sion profiles of the reference ETEC isolate E24377A (LT positive
[LT�], ST�, CS1, CS3) (35) in the presence of various relevant
chemical signals. Gene expression was evaluated with a pange-
nome E. coli/Shigella microarray that contained the genomes of a
diverse set of 32 genomes, including E24377A, as well as 46 enteric
plasmids (10). In this study, the global response to signals, includ-
ing glucose, previously demonstrated to enhance toxin secretion
(4), and bile, previously demonstrated to increase colonization
factor antigens in other isolates (48), was examined. Additionally,
the exposure of ETEC to preconditioned media from a commen-
sal E. coli isolate, a prototypical enteropathogenic E. coli (EPEC)
isolate, and a Shigella boydii isolate elucidated a species-specific
response. Examination of the temporal patterns of virulence gene
expression demonstrated that motility was upregulated early in
the growth cycle of ETEC 24377A, whereas more of the traditional
virulence factors were expressed later in the growth cycle; this
suggests that a virulence-related quorum-sensing mechanism may
be present in this isolate. Isolate E24377A contains the gene that
encodes an autoinducer 2 signal, which has been associated with
quorum sensing (46). Microarray data were validated with quan-
titative reverse transcriptase PCR (qRT-PCR) and extended with
targeted RNA sequencing (RNA-seq). The RNA-seq analysis con-
firmed differentially regulated genes identified using the microar-
ray; however, the advantage of RNA-seq is the identification of
novel transcripts from unannotated genomic regions. These novel
transcriptional events represent genes and therapeutic targets that

have yet to be evaluated. Overall, this study examined the global
transcriptional mechanisms of ETEC virulence factors in response
to biologically relevant signals.

MATERIALS AND METHODS
Strain selection, growth conditions, and RNA extraction. ETEC isolate
E24377A was chosen because the completed genome has been sequenced
(35) and the chromosomal content is printed on the microarray utilized in
this study (10); the six plasmids present in the isolate, however, are not
printed on the array. Initial growth conditions were compared to deter-
mine the impact of media on baseline gene expression. Cultures were
grown in 5 ml of Luria broth (LB) overnight at 37°C for 16 h. Following
incubation, 1:100 dilution cultures in a total volume of 50 ml were pre-
pared from the following media: LB, LB plus glucose (4% wt/vol), Dul-
becco’s modified Eagle medium-high glucose (DMEM-HI; Gibco) (4.5
g/liter), or DMEM-low glucose (DMEM-LO) (1 g/liter). Cultures were
grown at 37°C with rotation at 200 rpm to an optical density at 600 nm
(OD600) of 0.2, 0.5, or 0.8. RNA was extracted using either a Ribo-Pure kit
(catalog no. AM1925; Ambion) or a modified acid phenol-lithium chlo-
ride method. In short, 25 ml of culture was centrifuged for 10 min at 4,000
rpm at 4°C. A 5-ml volume of heated (55°C) acid phenol-chloroform (pH
5.0) and 5 ml of extraction buffer [50 mM Tris (pH 7.5), 100 mM LiCl,
5 mM EDTA (pH 8), 1% sodium dodecyl sulfate (SDS), 1% beta-
mercaptoethanol] were added to the sample and mixed. Samples were
then placed on a bead beater at 6 m/s for 40 s. Tubes were centrifuged
(4,000 rpm for 10 min), and the aqueous phase was placed in a new tube.
An equal volume of chloroform was added to the sample and mixed. The
tube was centrifuged (4,000 rpm for 10 min), and the aqueous phase was
removed to a new tube. A third volume of 8 M lithium chloride (catalog
no. L7026; Sigma) (500 ml) was added to the solution and maintained at
�20°C overnight. The next day, the sample was concentrated by centrif-
ugation (4,000 rpm for 10 min) and the supernatant removed. The pellet
was suspended in 3 ml of diethyl pyrocarbonate (DEPC)-treated H2O,
and a 1/3 volume of 8 M lithium chloride was added; this solution was
maintained at �20°C overnight. The following day, samples were concen-
trated by centrifugation and the supernatant was removed. The pellet was
washed three times with 2 M LiCl and three times with 80% ethanol. The
dried pellet was suspended in 200 �l of DEPC-treated H2O (catalog no.
AM9906; Ambion). Following the isolation of the RNA, the samples were
treated with DNase and the RNA concentrations were quantified using a
NanoDrop 1000 spectrophotometer (NanoDrop). Biological replicates
were processed for each set of conditions; Table 1 shows the complete
experimental design. The prototype ETEC isolate H10407 (6) was also
used in this study and was grown under the same conditions as described
above for qRT-PCR (see below).

RNA was extracted from the LB-bile mixture by the use of the standard
method with RiboPure; however, the RNA extracted from the DMEM-
HI– bile mixture was highly unstable with this method, and the acid phe-
nol extraction method was therefore employed and produced RNA of
sufficient quality for subsequent expression profiling.

Generation of preconditioned media. Three isolates were used for the
signaling studies that utilized preconditioned media (PCM): EPEC strain
E2348/69 (16), a Shigella boydii isolate (strain BS512), and the commensal
HS E. coli strain (21). The isolates were grown at 37°C with shaking at 200
rpm in LB overnight. After 16 h of growth, cells were removed by centrif-
ugation at 8,000 � g and the supernatant was filtered with a 0.2-�m-pore-
size syringe filter. PCM was aliquoted and stored at �20°C prior to use.

Medium additives. Sodium choleate, a crude ox bile extract that con-
tains the sodium salts of taurocholic, glycocholic, deoxycholic, and cholic
acids, was obtained from Sigma (catalog no. S9875). A concentrated so-
dium choleate mixture (30% [wt/vol]) was made by dissolving the powder
in DNA/RNA-free water and filter sterilizing (0.2 �m) it. D-Glucose was
also obtained from Sigma (catalog no. G8644); a concentrated solution
(10%) was subjected to sterile filterization and diluted for signaling ex-
periments.
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Microarray hybridization. For whole-genome transcriptional analyses,
cDNA was synthesized from 16 �g of total RNA from biological rep-
licates as listed in Table 1, using a Superscript III cDNA synthesis kit (Life
Technologies) with random hexamers. cDNA was partially digested with a
DNA-free DNase kit (catalog no. AM1906; ABI) for various time periods
until a desired size range (20 to 200 bp) was obtained. Approximately 1.5
�g of digested, labeled cDNA was hybridized per array. DNA fragment
size distributions were visualized using Tris-borate-EDTA (TBE) gradient
polyacrylamide gels (catalog no. 161-1235; Bio-Rad) (4% to 20%). The
optimal digest for each sample was end labeled with biotin-11-ddATP
(catalog no. NEL548001EA; Perkin Elmer) using terminal deoxynucleo-
tidyl transferase and verified by a gel shift assay according to Affymetrix
standard protocols. A hybridization mixture was prepared that contained
labeled cDNA, 7.8% dimethyl sulfoxide (DMSO), and an OligoB2 mix-
ture (catalog no. 900301; Affymetrix) according to the manufacturer’s
protocols. GeneChips were prepared by prehybridization for 10 min at
45°C with the kit prehybridization solution; samples were denatured at
95°C for 1 min, equilibrated to 45°C, centrifuged, and transferred to pre-
pared arrays (10). Hybridization was continued in a rotating incubator for
16 h at 60 rpm and 45°C. Posthybridization, the hybridization cocktail was
recovered and the arrays were washed and stained using the standard
Affymetrix ProkGE-WS2v3_450 fluidics protocol and GeneChip hybrid-
ization, wash, and stain kit reagents (catalog no. 900720; Affymetrix).

Microarray data analysis. Following a scan of each array with the
Affymetrix GCOS software, expression was normalized using the Sim-
pleaffy Bioconductor R package (57). Comparisons were double filtered
according to the fold change value (FC � 2) and the Student t test P value
(P � 0.005). Biological replicates were processed for each set of condi-
tions, and microarrays were analyzed for the number of present calls and
the intensity of signal compared to all other arrays. Arrays that were de-
termined to be anomalous, compared to the corresponding biological
replicate, were not used for downstream analysis; additional replicates
were then processed so that biological replicates were processed at least in
duplicate for each set of conditions. Further comparisons between sets of
conditions for transcriptionally altered genes were performed with cus-
tom Perl and Python scripts.

Quantitative reverse transcriptase PCR (qRT-PCR) assays. Differen-
tially regulated chromosomal genes were identified through the microar-
ray analysis. To validate these findings, primers were designed with
Primer 3 software (40) to correspond to genes from the E24377A genome
(Table 2). E24377A plasmids are not contained on the microarray; there-
fore, plasmid-encoded virulence genes were selected for interrogation via
only qRT-PCR. The constitutively expressed ribosomal subunit gene
(rpoA) was used as an internal control for relative quantification. The
constitutive expression of rpoA under the examined conditions was veri-
fied using the microarray analysis.

TABLE 1 Microarray experimental design

Condition Organism Mediuma OD600 Supplement Supplement concn

Data type

Array qRT-PCR RNA-seq

1 24377Ab LB 0.5 None N/Ac X X X
2 24377A LB 0.5 Glucose 0.4% (wt/vol) X X
3 24377A LB 0.5 Bile 3% (wt/vol) X X X
4 24377A LB 0.2 Bile 3% (wt/vol) X X
5 24377A LB 0.2 None N/A X X
6 24377A LB 0.8 Bile 3% (wt/vol) X X
7 24377A LB 0.8 None N/A X
8 24377A DMEM-HI 0.5 None N/A X X
9 24377A DMEM-LO 0.5 None N/A X X
10 24377A DMEM-HI 0.5 2348 PCM 10% (vol/vol) X X
11 24377A DMEM-HI 0.5 HS PCM 10% (vol/vol) X X
12 24377A DMEM-HI 0.5 S. boydii PCM 10% (vol/vol) X X
13 24377A DMEM-HI 0.5 HS PCM 1% (vol/vol) X X
14 H10407d LB 0.5 None N/A X
15 H10407 LB 0.5 Bile 3% (wt/vol) X
16 H10407 LB 0.5 Glucose 0.4% (wt/vol) X
a DMEM-HI, DMEM-high glucose; DMEM-LO, low glucose.
b Rasko et al., 2008 (35).
c N/A, not applicable.
d Crossman et al., 2010 (6).

TABLE 2 Oligonucleotides designed from E24377A and used in qRT-PCR assays

Gene Forward (5=–3=) sequence Reverse (5=–3=) sequence No. of nucleotides

estA GTGGTCCTGAAAGCATGAATAG AATAGCACCCGGTACAAGCA 74
eltA TATAGCTCCGGCAGAGGATG TCCAGGGTTCTTCTCTCCAA 76
eatA GCCAACGACTCCCAAATAGA CAGTTTGCCGGTAACATTCA 140
etpA ATGCCGGTGGCTATATTGTG GTACGGATGGTGCCACTGTT 60
csoA GTTGACCCGACTGTTGACCT ACAACGGTGTTGATGGTGTG 96
cstA GGCCCACTCTAACCAAAGAAC AGCCCAAGTTGCATCCAG 67
astA TGCATCGTGCATATGGTG GCGAGTGACGGCTTTGTAGT 51
peaR AATGCAATCAAGAATGAGCAAA GATGCACTAGAAATCCCAATCA 95
fliC CAGCTCCATCGACAAATTCC TGGTGTTGTTCAGGTTGGTG 74
rpoA TGTAGGCAATACGCTCCACA GGTTATGTGCCGGCTTCTAC 105
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Reactions for qRT-PCR were completed using Power SYBR green PCR
Master Mix (Applied Biosystems) with a two-step reaction protocol con-
sisting of 40 cycles of 94°C for 30 s and 60°C for 1 min, followed by a
dissociation phase for quality control. The 10-�l qPCR mixtures con-
tained 0.2 �M specific primers, Power SYBR green (catalog no. 4367659;
Applied Biosystems) (2�), and template (2.5 �l of 1:100-diluted cDNA).
Two biological replicates, with 4 technical replicates, were processed for
each set of conditions. LinRegPCR (41) was used to calculate efficiency (E)
and threshold cycle (CT) values based on background corrected fluores-
cence data (30, 54).

Pairwise comparisons were conducted with the Student t test to calcu-
late a P value. Delta CT values were calculated by subtracting the rpoA CT

value from the target CT value. Eight delta CT values from the reference
conditions were then compared to eight delta CT values from the experi-
mental conditions in the t test.

RNA-seq. To examine the transcriptome in an unbiased manner,
RNA-seq analysis was performed. RNA was extracted from E. coli
E24377A grown in LB and LB-bile. Three biological replicates were com-
bined into a single sample for each set of conditions. The rRNA was de-
pleted using a Ribo-Zero kit according to the manufacturer’s specifica-
tions (catalog no. RZC1046; Epicentre). Fifty base-pair reads were
obtained from each sample using standard operating procedures for the
Illumina GA-II platform (Illumina) at the Institute for Genome Sciences
Genomics Resource Center (http://www.igs.umaryland.edu/research/grc
/intro.php). Reads were then mapped to the E24377A chromosome and
six plasmids (20) with the BWA aligner (22). Counts for each annotated
genomic feature were determined by htseq-count (http://www-huber
.embl.de/users/anders/HTSeq/doc/count.html). Differential expression
between counts for each feature was then calculated with DESeq (1) using
the false-detection rate-adjusted Benjamini Hochberg P value (2). The
relative expression of differentially expressed genes was plotted with Cir-
cos (19).

In an effort to identify novel transcribed features, reads that mapped to
the E24377A genome, but were not assigned to an annotated genomic
feature, were extracted from the analysis. These transcripts were pooled
and assembled with Oases (http://www.ebi.ac.uk/�zerbino/oases/),
which utilizes Velvet assemblies (59), but was developed to assemble tran-
scriptomics data. These assembled transcripts were then used to search the
Kegg database (http://www.genome.jp/kegg/) for homologous genes. Dif-
ferential expression for these novel transcripts was calculated using the
same protocols as reads that mapped to a feature.

Microarray data accession number. RNA-seq and microarray data
were submitted to the Gene Expression Omnibus (http://www.ncbi.nlm
.nih.gov/geo) under GEO accession no. GSE31806.

RESULTS
Global transcriptional response in baseline medium selection.
Due to the paucity of whole-genome transcriptional data for any
ETEC isolate, initial microarray assays were performed with ETEC
isolate E24377A (35) to determine the transcriptional response to
commonly utilized medium conditions that would induce viru-
lence factor expression. The medium conditions selected were
mid-log-phase growth (OD600 � 0.5) in DMEM-high glucose
(DMEM-HI; 4.5 g/liter), DMEM-low glucose (DMEM-LO; 1.0
g/liter), and Luria broth (LB), with and without glucose added at 4
g/liter; DMEM was chosen as a growth medium as it is required for
virulence factor expression in other E. coli pathovars (17). Com-
parisons of the growth in DMEM-HI to that in DMEM-LO iden-
tified 61 features with differential expression profiles (�2-fold
change; P value � 0.005) and 52 features upregulated in
DMEM-HI (see Table S1 in the supplemental material). Tran-
scriptional analysis identified 288 features in E24377A that were
differentially regulated between LB and DMEM-HI (see Table S2
in the supplemental material). Features upregulated in

DMEM-HI include the outer membrane receptor gene fepA and
the siderophore components entE and entF; features upregulated
in LB include genes encoding flagellar components as well as the
nitrate reductase and transporter protein genes narH and narK.

The lack of the plasmid sequences from E24377A on the mi-
croarray prevented a complete global analysis. Therefore, we used
targeted qRT-PCR to examine the plasmid-borne virulence-
associated genes; a complete list of all qRT-PCR expression values
for each set of conditions is shown in Table S3 in the supplemental
material. Comparisons of the medium conditions determined
that the genes associated with the CS1 (csoA) and CS3 (cstA) col-
onization factors involved in ETEC adhesion displayed enhanced
gene expression in DMEM compared to LB irrespective of the
glucose concentration, whereas flagellar genes (e.g., fliC) were up-
regulated in LB (Table 3). A previous study performed with ETEC
isolate H10407 demonstrated that the expression of labile-toxin
and adhesive mechanisms was upregulated in the presence of glu-
cose (3, 4). Comparisons of the transcriptome of E24377A grown
in LB and in LB plus glucose identified 21 differentially regulated
features (see Table S4 in the supplemental material). However, the
ETEC E24377A expression profiles, as determined by the qRT-
PCR assay, did not identify significant glucose-induced expression
of the enterotoxin genes estA and eltA (Fig. 1). Glucose did up-
regulate the expression of astA, which encodes the enterotoxin
EAST1 (45). Glucose also upregulated the expression of the auto-
transporter eatA, a plasmid-encoded araC family transcriptional
regulator (peaR), and the flagellar gene fliC. The presence of glu-
cose had no apparent effect on the expression of the other viru-
lence factors encoded by csoA (CS1), cstA (CS3), or etpA (EtpA)
(Fig. 1).

ETEC transcriptional response to preconditioned media.
The secreted components from related bacterial community
members have the potential to increase virulence in other known
enteric pathogens (5). In the present study, preconditioned media
(PCM) from a commensal isolate of E. coli, E. coli HS (21, 35),
were added to media that contained E24377A to represent the
normal E. coli component of the human gastrointestinal tract mi-
crobiota. PCM from two pathogens were also added: the typical
EPEC isolate, E. coli E2348/69, was added to determine whether
ETEC virulence expression was affected by signals from a different
pathovar, and Shigella boydii PCM was added to identify changes
in gene expression due to the presence of an intracellular patho-
gen. The microarray analysis demonstrated that only one feature,
an uncharacterized GntR family transcriptional regulator (locus
ABV18196), was consistently transcriptionally regulated in

TABLE 3 Microarray results from a comparison of E24377A grown in
DMEM-HI versus LB

Gene Annotation
Fold change
(log2)a P value

fepA Outer membrane receptor 6.72 0.0007
entF Enterobactin synthase subunit F 3.55 �0.0001
cstA Carbon starvation protein 2.13 0.0004
cooA CS1 major subunit 1.34 0.0007
rstA Transcriptional regulator �1.62 �0.0001
fliN Flagellar motor switch protein �3.57 0.0005
narH Nitrate reductase 1, beta subunit �4.58 0.0020
fliC Flagellin �5.24 0.0003
a LB was used as the reference medium and DMEM-HI as the query medium.
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E24377A in response to each PCM compared to the baseline con-
dition (DMEM-HI). While there was only one differentially reg-
ulated chromosomal gene common to all PCM transcriptomes,
there was a specific response to each of the PCM (see Tables S5 to
S7 in the supplemental material). Additional plasmid-focused
studies with qRT-PCR demonstrated that expression of estA and
eltA was significantly greater under all PCM conditions compared
to the baseline condition (Fig. 2). The plasmid-encoded AraC-like
regulator (peaR) gene was also upregulated in all preconditioned
media. In contrast, the presence of PCM from the two pathogenic
strains upregulated the expression of genes that encode coloniza-

tion factors CS1 and CS3, whereas PCM from the commensal
strain HS had no effect on colonization factor expression.

To determine whether the concentration of PCM was inhibi-
tory toward gene expression, an additional set of experimental
conditions used only a 1% (vol/vol) concentration of PCM ex-
tracted from the commensal E. coli HS rather than the 10% used in
all other conditions (Table 1). Microarray analysis demonstrated
that the relative expression results were essentially unchanged in
comparisons of these conditions (1% versus 10%), as only 11 fea-
tures exhibited differential expression results (see Table S8 in the
supplemental material).

ETEC transcriptional response to bile salts. Bile salts have
been demonstrated previously as a regulator of virulence pheno-
types in ETEC (14, 49). To determine the global transcriptional
response to bile salts, rather than a phenotype response or single
gene expression analysis, we utilized microarray, qRT-PCR, and
RNA-seq technologies.

Based on the microarray analysis, the largest effect of a chem-
ical addition on differential gene expression was seen with the
addition of bile salts to LB and DMEM-HI. Fifteen array features
were consistently upregulated in both LB-bile and DMEM-HI–
bile compared to the results seen with a pairwise comparison of all
other conditions combined (see Table S9 in the supplemental ma-
terial). Further studies of the plasmid-encoded virulence factors
with qRT-PCR demonstrated that the addition of bile salts to LB
increased the expression of the toxin gene, estA (Fig. 1), whereas in
the DMEM experiments, the toxin and adhesion genes estA, eltA,
etpA, and astA were all significantly upregulated (Fig. 2) (P �
0.001). Expression of plasmid-borne genes that encode the colo-
nization factors CS1 and CS3 was downregulated or not signifi-
cantly changed, depending on the media, in the presence of bile
salts (Fig. 1 and 2); in DMEM, cstA (CS3) was not significantly
downregulated in bile salts.

Comparison of the glucose and bile responses of ETEC iso-
lates E24377A and H10407. The apparent discrepancy between

FIG 1 Effect of the addition of glucose or bile to LB media. A column chart of
fold changes of expression values (qRT-PCR) between ETEC E24377A grown
in bile salts and grown in glucose to an OD600 of 0.5 is shown. Values are based
on fold change calculated from ��CT values. All values are log2 transformed.
Columns with an asterisk indicate a significant P value of �0.001 as calculated
by Student’s t test. Error bars represent standard deviations of the results
determined with 2 biological replicates. The reference is E24377A grown in LB
alone to an OD600 of 0.5. Variable patterns of gene expression were observed
with the selected virulence factors.

FIG 2 E. coli E24377A gene expression profiles in response to biologically relevant environmental signals A column chart showing fold change expression values
(qRT-PCR) between ETEC E24377A grown in DMEM media and biologically relevant additives: bile (3% [wt/vol]; black bars), preconditioned media from
commensal E. coli isolate HS (white bars), enteropathogenic E. coli isolate E2348/69 (gray bars), and Shigella boydii BS512 (horizontally striped bars). Values are
based on fold change calculated from ��CT values. All values are log2 transformed. Columns with an asterisk indicate a significant P value of �0.001 as calculated
by Student’s t test. Error bars represent standard deviations of the results determined with at least 2 biological replicates. The reference is E24377A grown in
DMEM alone to an OD600 of 0.5. PCM, preconditioned media. The responses differed among the various preconditioned media, indicating a species-specific
response, whereas the bile response was similar to that observed with LB media as described for Fig. 1.
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the published H10407 response to glucose (3, 4) and the
E24377A response observed in this study was examined using
qRT-PCR assays. This observation was expanded to examine
the bile-related response of these two isolates. The similarity
between these two isolates with respect to plasmids allowed
direct comparison of the virulence-associated genes, including
etpA, estA, elta, and astA. The results demonstrate that in the
presence of bile salts, H10407 does not increase the expression
of estA or etpA at mid-log-phase growth (OD600 � 0.5) but does
increase the expression of eltA and astA (Fig. 3A). This is in
contrast to the transcriptional response in E24377A, where ex-
pression of astA, eltA, and etpA were unchanged (Fig. 1) with
the addition of bile; only estA shows similar patterns for the two
strains examined. The baseline expression characteristics in
LB of homologous genes were generally not similar between
strains (Fig. 3B); for example, differential expression of eltA
was observed in ETEC H10407 compared to that of E24377A in
the presence of bile salts (Fig. 3C). The estA primers used in this
study amplified only the STh gene on the p948 plasmid
(GenBank accession no. FN649418) in H10407; the STp gene
on the p666 plasmid (accession no. FN649417) was not tested
for expression in this study, as no identical gene is present in
E24377A.

In both isolates, glucose increased the expression of astA. An
upregulation of eltA was observed in the presence of glucose in
H10407 (Fig. 3D), while no increase was observed for either en-
terotoxin in E24377A (Fig. 1).

Temporal aspects of transcription. A growth time course was
conducted to determine whether known and suspected virulence
factors were expressed at a particular growth stage. ETEC
E24377A was grown in LB and LB-bile and harvested at OD600s of
0.2, 0.5, and 0.8 to represent early, middle, and late log-phase
growth. The qRT-PCR assays were then performed, and the rela-
tive levels of gene expression of known and suspected virulence
factors were examined. The results demonstrated that expression
of the virulence-associated genes is generally upregulated at later
stages of growth in the presence of bile salts (Fig. 4). A comparison
of fold changes seen in the various growth stages in bile, compared
to the corresponding growth density results seen in LB alone,
demonstrated that the greatest levels of gene expression occurred
at OD600 � 0.8 (Fig. 4). qRT-PCR analysis also confirmed the
RNA-seq result demonstrating that the plasmid-encoded AraC-
like regulator (peaR) is upregulated in the presence of bile (see
below). The time course analysis also demonstrated that expres-
sion of this regulator begins early in the growth curve and is great-
est at OD600 � 0.8. Expression of csoA (CS1) stayed low during the
entire growth curve, while that of cstA (CS3) expression was up-
regulated only at OD600 � 0.8 (Fig. 4). The qRT-PCR analysis
showed that expression of the flagellar gene fliC was temporally
increased in the presence of bile salts at all growth densities. These
results were confirmed at OD600 � 0.5 in LB with both RNA-seq
and microarray analyses.

Overall, the temporal aspects of gene expression in response
to bile indicate that there is a complex regulatory cascade in-
volved that includes a bile response as well as a quorum-sensing
response.

RNA-seq analysis to identify novel ETEC transcriptional
events. RNA-seq is a novel and unbiased technology for examin-
ing the complete transcriptome of any biological system (recently
reviewed by Sorek and Cossart [50]). This technology was utilized

to examine the transcriptional response to bile in ETEC isolate
E24377A at mid-log-phase growth (OD600 � 0.5). More than 30
million Illumina sequences (50 base-paired end reads) were ob-
tained for each set of conditions; of these sequences, approxi-

FIG 3 Identification of transcriptional differences between prototype ETEC
strains. To determine the impact of strain on the transcriptional response in
ETEC isolates E24377A and H10407, we used qRT-PCR to examine 4 genes.
Columns with an asterisk indicate a significant P value of �0.001 as calculated
by Student’s t test. Error bars represent standard deviations of the results
determined with at least 2 biological replicates. (A) Differential expression
between H10407 grown in LB and in LB-bile, demonstrating significantly in-
creased expression of eltA and astA. (B) H10407 expression in LB compared to
E24377A expression in LB, with significantly increased expression of eltA and
astA. (C) Differential expression between H10407 and E24377A grown in LB-
bile, demonstrating a significantly greater bile-related response of the eltA and
astA genes in H10407. (D) Differential expression of H10407 grown in either
LB or LB-glucose. This panel highlights the previously published response of
H10407 to glucose, which differs significantly from that in E24377A (Fig. 1).
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mately 74% were of sufficient quality and could be mapped to an
annotated genomic feature. Sequence counts for each annotated
feature were compared between samples using the negative bino-
mial method implemented in DESeq (1). In this study, the DESeq
analysis identified multiple features that demonstrate significant,
differential expression between growth conditions (Table 4 and
Fig. 5). One of the most significantly differentially expressed genes
(corrected P value � 0.002) observed was a plasmid-borne AraC
family transcriptional regulator (peaR) encoded on the pETEC73
plasmid (EcE24377A_D0031). A bioinformatic analysis of this
peptide against the GenBank database identified a homologous
regulator (csvR) (96% amino acid similarity) associated with reg-
ulation of the colonization factors CS1 and CS5 in an unrelated
ETEC isolate (7).

An increase in normalized count numbers was also observed
for the enterotoxin gene estA with the addition of bile. While the
expression of these genes was relatively low and a significant P
value was not observed, the fold change results are congruent with
the results obtained with qRT-PCR. These analyses demonstrate

the ability to use RNA-seq and qRT-PCR data hand in hand for
expression analysis.

Approximately 2 million sequence reads in each set of condi-
tions mapped to the E24377A genome but were not assigned to
any annotated genomic feature. These regions represent tran-
scriptionally active but uncharacterized regions of the genome.
The reads corresponding to these areas were extracted from the
alignment file, and the transcripts were assembled using Oases
software. This analysis identified more than 300 regions that were
greater than 150 nucleotides in length; eight of these potential
transcripts were significantly upregulated (false-discovery rate
corrected P value � 0.08) in the presence of bile; a list of these
previously unannotated transcripts is shown in Table 5. Most of
these transcripts are associated with intergenic regions that may
include gene promoters, whereas other novel transcripts were an-
notated as hypothetical proteins, as they have not been predicted
or annotated in other genome sequences to date; these regions
represent transcriptionally active units and possible novel func-
tional peptides in E24377A.

FIG 4 Temporal expression of ETEC virulence factors in bile. A time course column chart of E24377A grown in LB-bile to different growth densities (OD600 �
0.2, 0.5, and 0.8) is shown. Values are based on fold change calculated from ��CT values. Columns with an asterisk indicate a significant P value of �0.001 as
calculated by Student’s t test. Error bars indicate standard deviations of the results determined with biological replicates. Overall, we observed generally increased
gene expression as the cultures reached the stationary phase of growth, suggesting that a quorum-sensing mechanism is involved in global ETEC regulation.

TABLE 4 Most differentially expressed genes in the RNA-seq analysis of LB (reference) and LB-bile

Gene annotation Accession no.

Counta

Fold change (log2) P valuebLB LB-bile

Hypothetical protein YP_001464430 1 463 9.56 0.001
Hypothetical protein YP_001463383.1 13 2,241 7.44 0.002
Hypothetical protein YP_001462569 1 201 7.35 0.014
Plasmid-encoded araC (peaR) YP_001451499.1 26 3,769 7.19 0.002
Hypothetical protein YP_001462412 3 309 6.65 0.016
Hypothetical protein YP_001462237 10 951 6.51 0.013
Hypothetical protein YP_001463716 3 280 6.51 0.019
Hypothetical protein YP_001463386 31 2,448 6.31 0.007
Multiple antibiotic resistance (marB) YP_001462817 2 179 6.18 0.031
Hypothetical protein ABV16359 7 306 5.37 0.065
Hypothetical protein YP_001463094 78 2,906 5.22 0.030
Hypothetical protein YP_001462826 94 2,885 4.96 0.049
a Results represent normalization with DESeq.
b Results represent Benjamini-Hochberg correction.
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DISCUSSION

The paucity of global transcriptional data from the ETEC patho-
var provided the impetus to undertake the current study, which
utilized a combination of pan-genome microarray, qRT-PCR, and
RNA-seq technologies to investigate the in vitro gene expression of
ETEC isolates in the presence of biologically relevant chemical
signals. It is unclear whether in vitro results are representative of in

vivo expression; however, a representative small-animal model for
ETEC diarrheal disease is not currently available, and comprehen-
sive in vitro studies are therefore a necessary first approximation of
in vivo expression.

An E. coli/Shigella pan-genome microarray, containing the
chromosomal content of E24377A, was used to examine the tran-
scriptional profiles seen under different sets of experimental con-

FIG 5 Global transcriptional analysis as determined by RNA-seq and circular visualization. A circular plot showing the RNA-seq mapping data for E24377A
chromosome and its 6 plasmids is shown. The outer histogram, colored red, represents the normalized mapped reads from E24377A grown in LB. The blue
histogram represents the normalized mapped reads from E24377A grown in LB-bile. The inner histogram shows all fold changes for each annotated genomic
feature. Peaks tipped in blue represent upregulation in LB-bile (log2 fold change � 2), while those tipped in red represent downregulation in LB-bile (log2 fold
change � �2). The inner data track ticks (orange) include those features that showed significant differential regulation (P � 0.08) according to DESeq.
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ditions. An initial analysis of microarray results in baseline growth
media showed an upregulation of flagellar genes in LB compared
to DMEM (Table 3). Previous studies of E. coli gene expression
have demonstrated that in nutrient-limited conditions, E. coli
downregulates expression of flagellar genes and often upregulates
virulence factors (13). The same result observed in this study with
ETEC suggests that the observed response is part of a conserved E.
coli transcriptional program in response to nutrient depletion but
also suggests that the observed gene expression profile is valid and
that a common E. coli transcriptional network exists for these
processes.

Following the establishment of a baseline set of conditions,
exogenous environmental signals were introduced into the
growth medium and expression of virulence factors was charac-
terized with qRT-PCR; the first chemical signal tested was glucose.
The presence of glucose in the growth medium did not affect
expression of either enterotoxin gene, estA or eltA, in E24377A but
did upregulate the expression of astA and eatA (Fig. 1); glucose
significantly upregulated eltA expression in H10407 (Fig. 3D),
confirming previous observations (4) and highlighting the diffi-
culty of working with diverse isolates of ETEC. These two ETEC
strains are not closely related phylogenetically (44) and each may
have evolved a unique response to glucose (see below). This result
also suggests that a comparative analysis of expression profiles
from additional ETEC isolates is necessary to determine the effect
of chemical signals on a set of phylogenetically diverse ETEC iso-
lates to identify common responses, if they exist. This concept is
being examined in other E. coli pathovars in studies where one or
two type strains have been used for extended periods of time but
may not represent the entire group of pathogens.

Since bacterial infections occur in a community setting rather
than a monoculture, the next set of signals examined consisted of
preconditioned media (PCM) from related E. coli and Shigella
isolates. The preconditioned media were obtained from E. coli HS,
a commensal isolate that represents the normal microbiota; E. coli
E2348/69, a pathogenic E. coli isolate and the prototype of EPEC
isolates; and a Shigella boydii isolate, which represents an intracel-
lular pathogen. Microarray analysis demonstrated that more
genes were downregulated by the presence of PCM than were
upregulated (see Tables S5 to S7 in the supplemental material) and
suggested that the presence of PCM may actually be slightly inhib-

itory on a global scale. However, qRT-PCR analysis showed that
the presence of each of the three PCM added at 10% significantly
increased the expression of the virulence genes estA and eltA en-
coding the enterotoxins LT and ST relative to the baseline set of
conditions (Fig. 2). There were a number of PCM-specific re-
sponses, such as the significant increase in the expression of colo-
nization factors in response to the PCM from E. coli E2348/69 and
the S. boydii isolate; this suggests that coinfection with these
pathogens may increase colonization. Interestingly, PCM from
the human commensal strain HS had a negligible effect on colo-
nization factor expression. While this suggests that intrakingdom
signaling from pathogenic strains enhances colonization factor
expression whereas those from commensal strains do not, addi-
tional studies are required to extend this observation.

Bile is a significant host signal that enteric bacteria encounter as
they transit the gastrointestinal tract. It is therefore not surprising
that a number of enteric pathogens respond to bile by increasing
the expression of virulence factors (24, 27, 31–33, 56). This in-
cludes the enhancement of ETEC colonization factors in some
isolates by the addition of bile to the media (14, 21, 49). Temporal
analysis demonstrated that expression of the enterotoxins, as well
as that of other known or predicted virulence factors, is highly
dependent on the growth density. At an OD600 of 0.8, many of the
known or suspected virulence factors are upregulated in the pres-
ence of bile compared to LB alone (Fig. 4). These data suggest that
a quorum-sensing mechanism in ETEC may control virulence
gene expression. While quorum sensing and virulence have been
linked in other enteric pathogens (25, 28, 51), it has not been
previously identified in ETEC. Additional transcriptional analyses
are needed to determine how all other genes are regulated at this
growth density in the presence of bile.

The interrogation of transcriptional patterns with RNA-seq
technology provides the opportunity for the identification of
novel transcriptional events; in some cases, novel transcripts rep-
resent promoter structures, and in other cases, they represent ex-
pressed genes that have not been previously identified. In the quest
for vaccines and therapeutics, these newly identified transcripts
are promising targets for future study. We have identified more
than 300 such regions in the genome that are longer than 150 bp;
a list of the most differentially regulated novel transcripts is shown
in Table 5. Additional information that can be derived from the

TABLE 5 Differential expression of nonannotated transcripts by RNA-seq analysis

pETEC_74 location
(chromosome
nucleotide no.)a Countb

Fold change (log2) P valuec AnnotationdStart End LB Bile

11572 11674 1 12,150 13.2 0.0000 Hypothetical protein
898175 898323 1 3,379 12.4 0.0000 intergenic region
1708879 1709036 1 683 9.1 0.0025 Intergenic region
1867008 1867176 8 1,376 7.5 0.0050 Intergenic region
2979643 2979873 154 17,582 6.8 0.0071 Intergenic region
4008052 4008248 11 1,239 6.8 0.0094 Intergenic region
1925715 1925840 49 4,268 6.4 0.0094 Hypothetical protein
4265429 4265561 1,375 95,084 6.1 0.0759 Hypothetical protein
a E24377A isolate.
b Results represent normalization with DESeq.
c Results represent Benjamini Hochberg correction.
d Based on best BLAST hit against the KEGG Genes database.
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RNA-seq data includes promoter and operon structures. Contin-
ued examination of these data set will yield further insight into the
transcriptional networks of ETEC.

The isolate used in this study was E. coli E24377A, the first
ETEC whose genome was completely sequenced (34). The “pro-
totypical” ETEC isolate most often studied is ETEC H10407 (6),
despite the fact that it represents a less representative phylogeny of
sequenced ETEC genomes (44) and contains a gene repertoire that
is significantly different from those of other known ETEC isolates
(53). The comparison of H10407 and E24377A identified a num-
ber of transcriptional differences. Previous work by Bodero et al.
identified a number of features that are altered by addition of
glucose (3, 4); however, we did not observe the same transcrip-
tional patterns with E24377A (Fig. 1 and 3). The results demon-
strate that estA, encoding the heat-stable toxin, is upregulated by
bile salts in E24377A whereas eltA, encoding the heat-labile toxin,
is upregulated by bile salts in H10407 (Fig. 1 and 3); the STp gene
in H10407 was not investigated, because a comparable gene does
not exist in E24377A. These results highlight that the use of one
single isolate as a “prototype” for a pathovar, especially for a di-
verse pathovar such as ETEC, should not be extrapolated to the
entire pathovar without further investigation.

Despite the bactericidal effects of bile in the intestine (24),
growth curves for ETEC E24377A grown in LB and in LB-bile
showed similar slopes during the log growth phase (data not
shown). Additionally, the presence of bile salts in both LB and
DMEM media significantly increased the expression of the entero-
toxin gene estA in E24377A; this result was observed using qRT-
PCR and verified with RNA-seq. These observations suggest that
ETEC not only has adapted to bile but that bile may be a signal that
the bacterium has entered the small intestine and triggers viru-
lence. An upregulation of the plasmid-encoded AraC regulator
(peaR) was observed in the presence of bile, glucose, and PCM;
homologous regulators in other ETEC strains, such as the Rns
regulon, have been associated with expression of colonization fac-
tors (3, 26). However, in E24377A, the upregulation of peaR was
generally accompanied by a downregulation of csoA (CS1) and no
significant change in cstA (CS3) expression (Fig. 1 and 2). There-
fore, it is likely that peaR in E24377A is not involved in coloniza-
tion factor regulation but could potentially regulate other novel
virulence factors. Additional work, including the deletion of the
peaR gene and subsequent expression profiling, is required to de-
termine the exact role of this regulator.

This report provides preliminary insights into the expression
of known and predicted ETEC virulence and colonization factors
in the presence of chemical and environmental signals. The results
suggest that gene expression is indeed affected by chemical signals
in vitro and indicate that future in vivo studies from human diar-
rheal samples are required to verify the expression networks ob-
served in this study.
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