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Enterotoxigenic Escherichia coli produces a myriad of adhesive structures collectively
named colonization factors (CFs). CS3 is a CF, which is assembled into fine wiry
fibrillae encoded by the cstA-H gene cluster. In this work we evaluated the influence
of environmental cues such as temperature, osmolarity, pH, and carbon source on the
expression of CS3 genes. The transcription of cstH major pilin gene was stimulated
by growth of the bacteria in colonization factor broth at 37◦C; the presence of glycerol
enhanced cstH transcription, while glucose at high concentration, high osmolarity, and
the depletion of divalent cations such as calcium and magnesium repressed cstH
expression. In addition, we studied the role of H-NS, CpxRA, and CRP global regulators
in CS3 gene expression. H-NS and CpxRA acted as repressors and CRP as an
activator of cstH expression. Under high osmolarity, H-NS, and CpxRA were required
for cstH repression. CS3 was required for both, bacterial adherence to epithelial cells
and biofilm formation. Our data strengthens the existence of a multi-factorial regulatory
network that controls transcription of CS3 genes in which global regulators, under the
influence of environmental signals, control the production of this important intestinal
colonization factor.

Keywords: CS3, H-NS, CRP, CpxRA, enterotoxigenic E. coli

INTRODUCTION

Enterotoxigenic Escherichia coli (ETEC) is responsible for high rates of morbidity and mortality
in children living in countries with poor sanitation and is the main cause of travelers’ diarrhea
(Khalil et al., 2018; Mirhoseini et al., 2018). The most important virulence factors of ETEC are the
heat-labile (LT) and heat-stable (ST) enterotoxins, which are responsible for the secretory watery
diarrhea that characterizes human ETEC infection (Fleckenstein et al., 2010). Colonization of the
small intestine is achieved by adhesive pili collectively named colonization factors (CFs), which also
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include the coli surface antigens (CS1–CS6) (Qadri et al.,
2005; Fleckenstein et al., 2010; Madhavan and Sakellaris, 2015).
Twenty-three different CFs have been described so far and their
distribution in ETEC strains varies according to geographic
regions (Madhavan and Sakellaris, 2015). One of the most
common CFs is CS3, which can be co-produced with CS1 or CS2
by some ETEC strains (Begum et al., 2014; Vidal et al., 2019).
Human volunteers fed with the CS3-producing strain E9034A
developed diarrhea and showed significant rises in serum IgG
antibody against CS3, suggesting that this adhesin is produced
in vivo, plays a role in pathogenesis, and triggers an antibody
immune response (Levine et al., 1984; Knutton et al., 1985).

In contrast to most CFs, which are long rod-like pili, the CS3
surface antigen assembles into fine wiry fibrillae (2–3 nm wide).
The production of CS3 is encoded by the cstA-H gene cluster
(Manning et al., 1985; Boylan et al., 1987), where the cstA gene
codes for a putative chaperone protein which shares homology to
FimC and PapD proteins that participate in the assembly of the
type I and P pili, respectively (Yakhchali and Manning, 1997). The
cstB gene codes for an usher protein and the four cstC-F genes
are contained within the same cstB ORF each having different
translational start points and only one stop codon (Jalajakumari
et al., 1989). Finally, both cstG and cstH genes code for pilin
subunits (Hall et al., 1989; Jalajakumari et al., 1989), of which
CstH is the major pilin subunit.

Host and environmental stimuli such as temperature,
osmolarity, pH, and carbon source are sensed by ETEC to
regulate the expression of virulence factors such as toxins and
pili (Kansal et al., 2013; Munson, 2013; Haycocks et al., 2015; De
La Cruz et al., 2017). However, only in a few cases the influence
of environmental and nutritional factors on the expression and
production of some of the ETEC’s CFs has been reported. ETEC
possesses a myriad of transcription regulators controlling its
virulence. Namely, H-NS (histone-like nucleoid structuring),
CpxRA (conjugation pilus expression), and CRP (cAMP receptor
protein) are global regulators that control the expression of
the main virulence factors in ETEC, such as enterotoxins and
CFs (Yang et al., 2005; Mellies and Barron, 2006; Bodero and
Munson, 2009; Haycocks et al., 2015; De La Cruz et al., 2017).
H-NS is a pleiotropic regulator, which binds AT-rich DNA
regions blocking the interaction of the RNA polymerase, silencing
transcription of housekeeping, and virulence genes (Dorman,
2007). CRP is a global regulatory protein involved in catabolic
repression in many enterobacteria and its activity depends of
the binding of cAMP to target protein (Kolb et al., 1993). The
CpxRA two-component system senses a variety of stimuli (e.g.,
pH changes, overexpression of envelope proteins, and alterations
in the membrane) within the bacterial cell envelope, controlling
virulence in enterobacterial pathogens (Vogt and Raivio, 2012).

In this work we sought to investigate the environmental
cues and transcriptional factors involved in the regulation of
CS3 using the prototypic ETEC strain E9034A. In particular,
we inquired about the role of global regulators such as H-NS,
CpxRA, and CRP, in the transcriptional control of CS3. In
addition, the function of CS3 in both bacterial adherence to
epithelial cells and biofilm formation was analyzed using an
isogenic cstH mutant. The data generated in this work will help

to understand the regulation of this important intestinal CF and
to suggest a model of the regulatory network that controls ETEC
virulence factors.

MATERIALS AND METHODS

Bacterial Strains and Growth Conditions
Enterotoxigenic Escherichia coli strains used and bacterial
constructs generated in this study are listed in Table 1. E9034A
[CS3+, Longus (CS21)+, LT+, ST+] was used as the prototypic
strain and for construction of isogenic mutants (Levine et al.,
1984; Giron et al., 1994). For routine work, the strains were
grown overnight in Luria-Bertani broth (LB) with shaking at
37◦C. To determine expression of cst genes, several liquid
bacteriological media such as pleuropneumoniae-like organisms
(PPLO), LB, trypticase soy broth (TSB), Brucella broth (BB),
colonization factor broth (CFA), Dulbecco’s modified Eagle’s
medium (DMEM) with low (1.0 g/l) or high glucose (4.5 g/l), and
brain heart infusion (BHI) were used. Environmental conditions
were tested to analyze the transcription of cstH gene in CFA
broth at 37◦C with shaking and samples were collected 6 h
post-inoculation for RNA extraction. CFA broth was prepared

TABLE 1 | List of bacterial strains and plasmids used.

Strain or plasmid Genotype or description References or source

ETEC strains

ETEC WT ETEC strain E9034A, LT+, ST+,
CS21+, CS3+

Levine, 1987

ETEC 1hns ETEC 1hns::KmR De La Cruz et al., 2017

ETEC 1cpxRA ETEC 1cpxRA::FRT De La Cruz et al., 2017

ETEC 1crp ETEC 1crp::KmR De La Cruz et al., 2017

ETEC 1cstH ETEC 1cstH::KmR This study

Plasmids

pMPM-T3 p15A derivative
low-copy-number cloning
vector, lac promoter; TcR

Mayer, 1995

pT3-CstH pMPM-T3 derivative expressing
CstH from the lac promoter

This study

pT3-H-NS pMPM-T3 derivative expressing
H-NS from the lac promoter

De La Cruz et al., 2017

pSUcrp pSU19 carrying a crp gene Guo et al., 2015

pBAD-CpxA pBAD/Myc-His A derivative
expressing CpxA-Myc-His6

from the pBAD promoter

De La Cruz et al., 2016

pMPM-K6 p15A derivative cloning vector,
pBAD (ara) promoter; KmR

Mayer, 1995

pK6-CpxR pMPM-K6 derivative expressing
His6-CpxR from the pBAD
promoter

This study

pKD46 pINT-ts derivative containing
the λ Red recombinase system
under an arabinose-inducible
promoter, ApR

Datsenko and Wanner,
2000

pKD4 pANTsγ derivative template
plasmid containing the
kanamycin cassette for λ Red
recombination, ApR

Datsenko and Wanner,
2000
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as previously described [1% Casamino Acids and 0.15% yeast
extract plus 0.005% MgSO4 and 0.0005% MnCl2 (Evans et al.,
1977)]. In addition, CFA broth supplemented with 0.3M NaCl,
1.0 mM EDTA, 5.0 mM CaCl2, 5.0 mM MgCl2, 0.05% glucose or
0.05% glycerol was prepared.

Construction of Isogenic Mutants and
Plasmids
Enterotoxigenic Escherichia coli 1cstH mutant was generated
by the lambda Red recombinase mutagenesis system as
previously described (Datsenko and Wanner, 2000), using
gene-specific primer pairs to amplify the kanamycin resistance
gene from plasmid pKD4 (Table 1). For cloning of cstH and
complementation of the1cstH mutant, specific primers (Table 2)
containing the HindIII (5′)/BamHI (3′) restriction sites were
used to obtain a PCR product, which was digested with HindIII
and BamHI restriction enzymes and then ligated into pMPM-T3
previously digested with the same restriction enzymes. For
cpxR, primers (Table 2) containing the NcoI (5′)/HindIII (3′)
restriction sites were used to generate a PCR product, which was
digested with NcoI and HindIII and then ligated into pMPM-K6
(Mayer, 1995) previously digested with the same restriction

TABLE 2 | Primers used in this study.

Primer Sequence (5′–3′)

For gene deletion

cstH-H1P1 AGT GAA TGT ATG AGG GAT TCG
ATG TTA AAA ATA AAA TAC TTA TTA
TGT AGG CTG GAG CTG CTT CG

cstH-H2P2 AAG GCT ACG TCT ATT ATA TAA TTA
TTT AAT TGT CGA AGT AAT TGT CAT
ATG AAT ATC CTC CTT AG

For mutant characterization

cstH-F GGT CTT AAC GTA ACC AGT AAT G

cstH-R CAT AAA GAT AGC AAC GTA GCC

For gene cloning

cstH-HindIII-F GGG AAG CTT GCT ACA TGC ACA
CAG GAG TAG CAG TAC

cstH-BamHI-R CCC GGA TCC GGA GCA GAA TTA
CAA GCT TGA C

cpxR-NcoI-6His-F AAA CCA TGG ATC ACC ACC ACC
ACC ACC ACA AAA TCC TGT TAG
TTG ATG ATG

cpxR-HindIII-R CGG TTC GAA ACC GCT TCT ACG
CGC GCC AAT TC

For qPCR

cstA-F AGG GCC GTA TGA GCA AAA AC

cstA-R TCA CTG CTC TCA CCT AGA TCA C

cstB-F CGG TCT TGC GCC AAT TAA AC

cstB-R AGC GTG GTT GAA TGT TAG CG

cstG-F GCG TTT CTG ACA ACT CTG CA

cstG-R TCC CCA CAC CGA CAT CAA AG

cstH-F AGC TTT GCC ACC ACC ATT TC

cstH-R TGG CAA CTG ACT CCC ATT TG

rrsH-F TGC ATC TGA TAC TGG CAA GC

rrsH-R TAC GCA TTT CAC CGC TAC AC

enzymes, generating pK6-CpxR. The mutations and clones were
confirmed by PCR and nucleotide sequencing.

Quantitative RT-PCR
Total RNA was extracted from bacteria grown under different
culture conditions using the hot phenol method (Jahn et al.,
2008). DNA was removed with TURBO DNA-free (Ambion, Inc.)
and the quality of RNA was assessed using a NanoDrop (ND-
1000; Thermo Scientific) and an Agilent 2100 bioanalyzer with a
Picochip (Agilent Technologies). The absence of contaminating
DNA was controlled by the lack of amplification products
after 35 qPCR cycles using RNA as template. Control reactions
with no template (water) and without reverse transcriptase
were rn in all experiments. cDNA synthesis and qPCR was
performed as previously described (Ares et al., 2016; De La
Cruz et al., 2016). Specific primers were designed with the
Primer3Plus software and they are listed in Table 2. 16S rRNA
(rrsH) was used as a reference gene for normalization and the
relative gene expression was calculated using the 2−11Ct method
(Livak and Schmittgen, 2001).

Bacterial Infection and Adherence
Assays
Monolayers of HeLa (ATCC CCL-2) human cervix epithelial and
Caco-2 (ATCC HTB-37) human colonic epithelial cell lines were
used in adherence assays as previously described (De La Cruz
et al., 2016). For infection, these cells were cultivated in DMEM
high glucose (4.5 g/l) (Invitrogen) at 37◦C under a 5% CO2
atmosphere in polystyrene 24-well plates (CellStar). Next day, the
bacteria (previously grown in LB overnight), were subcultured in
CFA broth at early stationary phase (OD600 nm = 1.2) at 37◦C.
The cell monolayers (7 × 105) were infected at a multiplicity
of infection (MOI) of 100 for 2 h, washed thrice with PBS to
remove unbound bacteria, and subsequently treated with 1 mL of
0.1% Triton X-100 for 15 min. Following lysis, colony-forming-
units (CFUs) were obtained and quantified by plating out 10-fold
dilutions of the bacterial suspensions. The experiments were
performed in triplicate on three different days, and the mean
results were expressed as adhering CFUs/ml.

Biofilm Assay
Overnight bacterial cultures were diluted 1:100 with CFA broth
and 200 µL aliquots were transferred to 96-well plates (Nunc,
Sigma-Aldrich). After incubation for 24 h at 30◦C the medium
was discarded and the wells were rinsed thrice with PBS.
The biofilms were stained with 1% Crystal Violet (Merck).
After washing, the adsorbed dye was recovered with ethanol
and the color read at an optical density of 595 nm with a
spectrophotometer (Multiskan Ascent, Thermo Scientific). All
the samples were tested in quintupled and the experiments were
repeated three times on different days. The data represent the
average of the mean of three experiments.

Statistical Analysis
For statistical differences, one-way ANOVA followed by
the Tukey’s comparison test was performed using Prism5.0
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FIGURE 1 | Genetic organization of CS3. Schematic representation of the CS3-encoding region. Arrows indicate coding sequences and lines represent intergenic
regions. By using BPROM, putatives –10 and –35 boxes (underlined nucleotides) and a putative transcription start site (broken arrow) were identified.

(GraphPad Software, Inc., San Diego, CA, United States).
p ≤ 0.05 was considered statistically significant.

RESULTS

Genetic Organization of CS3
Similar to other CFs, the assembly of CS3 is directed by genes
encoded on a large virulence plasmid of ETEC (Madhavan and
Sakellaris, 2015). This locus is a 4.7-kbp region encoding four
genes: cstA, cstB, cstG, and cstH (Figure 1). Using bioinformatics
analysis, we found a putative promoter region located upstream
of cstA gene, which appears to be transcriptionally organized
in a polycistronic operon (Figure 1). The CS3-encoding region
found in the sequenced ETEC strain 1392/75 showed that it
has a GC content of 35.6%, which is significantly different
to the average 47.7 and 50.7% of the p1018 plasmid and
the chromosome, respectively, suggesting that CS3 genes were
acquired by horizontal transfer.

CS3 Is Expressed in CFA Broth at Early
Stationary Phase
Colonization factor broth agar was reported to induce the
production of CFs of ETEC (Evans et al., 1977; Giron et al.,
1995). We began this study by determining transcription of
cstA, cstB, cstG, and cstH by RT-qPCR, at early stationary phase
(OD600 nm = 1.2) of E9034A grown at 37◦C in different culture
media. In agreement with the literature, our data showed that
the expression of CS3 cstABGH genes was significantly induced
in CFA broth (Figure 2A) as compared to growth in other
rich media such as LB, PPLO, or DMEM defined medium. The
level of expression of the different cst genes in the different
culture media, suggest that they are genetically organized in an
operon (Figures 1, 2A). Next, we analyzed transcription of the
cstH upon growth of the bacteria in CFA broth during 8 h at
37◦C. The expression of cstH reached its highest level after 6 h
of growth, which corresponds to early stationary growth phase
(OD600 nm = 1.2) (Figure 2B).

Effect of Temperature and Nutritional
Components on CS3 Expression
The expression of CS3 was analyzed at different temperatures.
The highest level of expression of cstH was seen at 37◦C

FIGURE 2 | CS3 is expressed in CFA broth. (A) Transcription (RT-qPCR) of
the CS3 genes at 6 h in several broth: PPLO, LB, TSB, BB, DMEM with low
(1.0 g/L) or high glucose (4.5 g/L), and BHI. (B) Expression of cstH during
growth phases as determined by RT-qPCR. This graph represents the mean
of three separate experiments performed with triplicate samples with standard
deviations. Statistically significant with respect to PPLO broth (A) or the
bacteria grown after 1 h post-inoculation in CFA broth (B). ∗∗∗p < 0.001.

as compared to growth at 30 and 42◦C in CFA broth at
early stationary phase (OD600 nm = 1.2) (Figure 3A), which
is a common feature for virulence determinants in human
enteric pathogens.

Because the expression of virulence factors is influenced
by the carbon source, divalent cations and osmolarity
(Bilecen and Yildiz, 2009; Rothenbacher and Zhu, 2014;
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FIGURE 3 | Environmental cues that affect the expression of CS3.
(A) Expression of CS3 was determined by RT-qPCR when ETEC was grown
at different temperatures. (B) Growth kinetics of wild-type ETEC under
different environmental conditions in CFA broth at 37◦C for 8 h, supplemented
with glucose (Glu, 0.05%), glycerol (Gly, 0.05%), ethylenediaminetetraacetic
acid (EDTA, 1.0 mM, supplemented or not with 5.0 mM CaCl2/MgCl2), and
sodium chloride (NaCl, 0.3M). (C) Transcription of cstH gene in CFA broth at
early stationary phase (OD600 nm = 1.2) at 37◦C. Results shown represent
mean and standard deviations of three independent experiments performed.
Statistically significant with respect to the bacteria grown at 37◦C (A) or CFA
broth not supplemented (B). ∗∗p < 0.01; ∗∗∗p < 0.001.

De La Cruz et al., 2017), we analyzed the effect of the addition of
glucose, glycerol, EDTA, and sodium chloride to CFA broth on
the expression of cstH at early stationary phase (OD600 nm = 1.2)
at 37◦C. The depletion of divalent cations by addition of EDTA
affected ETEC growth and reduced cstH transcription and this
defect was reversed by the addition of calcium and magnesium
cations to the CFA broth (Figures 3B,C). Glucose and glycerol
significantly repressed and activated the expression of cstH,
respectively (Figure 3C). Lastly, high osmolarity (0.3M NaCl)
also affected negatively the transcription of the cstH gene
(Figure 3C). Our data show that environmental conditions such
as high osmolarity, high glucose and the depletion of divalent
cations repress CS3 gene transcription.

H-NS, CRP, and CpxRA Control the
Expression of CS3
The expression of virulence genes in ETEC is regulated
by complex networks involving several global transcriptional
regulators such as H-NS, CpxRA, and CRP (Kansal et al., 2013;
Haycocks et al., 2015; De La Cruz et al., 2017). For instance, we
recently reported that the expression of Longus type IV pilus
in ETEC was regulated by such global regulators (De La Cruz
et al., 2017). We sought to investigate if these global regulators
were implicated in the regulatory network controlling CS3 gene
expression. To determine the expression of cstH, E9034A isogenic
hns, crp, and cpxRA mutants were analyzed by RT-qPCR in CFA
broth at early stationary phase (OD600 nm = 1.2) at 37◦C. Of
note, growth of both hns and crp mutants was affected in CFA
broth and the complemented mutants showed similar growth to
the wild-type strain (Figure 4A). The transcription of cstH was
drastically increased and diminished in the hns (180-fold) and
crp (100-fold) mutants, respectively, as compared to the wild-
type background (Figure 4B). Interestingly, in the absence of
CpxRA the expression of cstH was up-regulated (fivefold) as

FIGURE 4 | Role of H-NS, CRP, and CpxRA on CS3 expression. (A) Growth
kinetics of wild-type ETEC, 1hns, 1hns pT3-H-NS, 1crp, 1crp pSUcrp,
1cpxRA and 1cpxRA pK6-CpxR pBAD-CpxA, in CFA broth at 37◦C.
Bacterial cultures were grown for 8 h in CFA broth. (B) Determination of
transcriptional expression (RT-qPCR) of the cstH gene in CFA broth at early
stationary phase (OD600 nm = 1.2) at 37◦C in several backgrounds: wild-type
(E9034A), 1hns, 1hns pT3-H-NS, 1crp, 1crp pSUcrp, 1cpxRA, and
1cpxRA pK6-CpxR pBAD-CpxA. Results shown represent mean and
standard deviations of three independent experiments performed. Statistically
significant with respect to the wild-type strain. ∗∗∗p < 0.001.
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compared to the wild-type strain. These effects were counteracted
when the mutant strains were trans-complemented with hns, crp,
and cpxRA genes carried on plasmids (Figure 4B). These data
are compelling evidence that H-NS, CRP, and CpxRA regulate
transcription of CS3 genes.

Effect of H-NS and CpxRA on the Osmo-
and Thermo-Regulation of CS3
It was previously reported that expression of ETEC virulence
factors such as the LT toxin and Longus pilus are under the
influence of temperature and salt (Haycocks et al., 2015; De
La Cruz et al., 2017). Since NaCl reduces CS3 gene expression
(Figure 3C), we analyzed cstH expression in the wild-type, hns,
and cpxRA backgrounds upon the addition of 0.3M NaCl to CFA
broth at early stationary phase (OD600 nm = 1.2) at 37◦C. We
found that in the absence of H-NS or CpxRA in the respective
mutants, cstH expression was not diminished in high osmolarity
medium (Figure 5A), indicating that both H-NS and CpxRA
are involved in the salt-mediated repression of CS3 transcription
observed in the wild-type strain.

H-NS is a thermo-regulator of virulence factors in several
pathogenic bacteria (Falconi et al., 1998; Umanski et al., 2002;
Ono et al., 2005; Duong et al., 2007; Ares et al., 2016; De La

FIGURE 5 | Osmo- and thermoregulation of CS3. (A) Transcriptional
expression (RT-qPCR) of the cstH gene in the wild-type, 1hns and 1cpxRA
mutants at 6 h in CFA broth supplemented with 0.3M NaCl. (B) Fold-change
expression (RT-qPCR) of the cstH gene in the 1hns and 1cpxRA mutants as
compared to E9034A. Results shown represent mean and standard
deviations of three independent experiments performed. Statistically
significant. ∗∗∗p < 0.001.

Cruz et al., 2017). We analyzed the regulatory effect of H-NS
and CpxRA on cstH expression at 30 and 37◦C in CFA broth
at early stationary phase (OD600 nm = 1.2) (Figure 5B). We
found the same levels of cstH expression at both temperatures
in the mutants and the wild-type strain, indicating that neither
H-NS nor CpxRA act as thermo-regulators of cstH transcription.
However, it is known that CS3 is favorably produced at 37◦C both
in vitro and in vivo suggesting the existence of other thermo-
regulators that activate CS3 production in the small bowel.

CS3 Is Required for Biofilm Formation
and Adherence to Epithelial Cells
We investigated and compared the ability of ETEC wild-type,
1cstH mutant, and 1cstH pT3-CstH to form biofilms. The
1cstH mutant was significantly affected in biofilm formation
as compared to the wild-type strain and the complemented
1cstH mutant (Figure 6A). These data indicate that CS3 exerts
a positive role in ETEC’s biofilm formation. Although CS3 was
identified in the late 1970s, the molecular Koch’s postulates have
not been fulfilled to confirm the role of CS3 in cell adherence.
For example, the construction of a CS3 knock-out mutant unable
to produce CS3 and to adhere to cultured epithelial cells has
not been documented. Thus, we evaluated the role of CS3 in
E9034’s adherence to HeLa and Caco-2 cells, testing the wild-
type, its derivative isogenic cstH mutant, and complemented
cstH (pT3-CstH) strains in CFA broth at early stationary phase
(OD600 nm = 1.2) at 37◦C. Adherence of the cstH mutant was
10- and 121-fold reduced as compared to the wild-type strain
in HeLa and Caco-2 cells, respectively (Figure 6B). The levels
of adherence of the cstH complemented mutant were restored
to wild-type levels in both HeLa and Caco-2 cells. These data
confirm that CS3 is needed for adherence of ETEC to epithelial
cells, particularly colonic Caco-2 cells.

DISCUSSION

Enterotoxigenic Escherichia coli strains produce a repertoire of
canonical CFs that are believed to promote bacterial attachment
to the enterocytes in the small bowel. Typically, most CFs are
encoded on large virulence plasmids along with LT and/or ST
toxin genes (Qadri et al., 2000; Vidal et al., 2009; Gonzales et al.,
2013; Nada et al., 2013; Torres et al., 2015; Kharat et al., 2017).
Like many other bacterial virulence factors the production of
ETEC CFs is affected by host and environmental stimuli such as
temperature, pH, and nutritional components present in specific
anatomical sites of infection. It is well-known that most CFs,
except for Longus, are produced upon growth of E9034A on CFA
medium at 37◦C and they are less expressed in the commonly
used LB broth or temperatures below 37◦C. We recently reported
that the production of Longus in E9034A is enhanced by the
presence of calcium and addition of glucose and sodium chloride
to the growth medium (De La Cruz et al., 2017). In the present
study we analyzed the effect of these environmental stimuli on
the expression of CS3 genes. The experimental data showed that
growth of E9034A at 37◦C enhanced the expression of cstH,
but diminished at 30 and 42◦C. Divalent cations-regulation of
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FIGURE 6 | Role of the CS3 in the biofilm formation and adherence to
epithelial cells. Quantification of biofilm formation (A) and adherent bacteria (B)
in the wild-type (E9034A), 1cstH and complemented 1cstH. Quantification of
biofilm production by ETEC strains growing in CFA broth as determined by
adsorption of Crystal Violet at OD595. The indicated strains were incubated
with HeLa or Caco-2 cells for 2 h and the adherent bacteria expressed as
CFUs after plating serial dilutions. The experiments were performed in
quadruplicate and repeated three times on different days. ∗∗∗p < 0.001.

virulence factors in Yersinia, Vibrio, and pathogenic E. coli has
been reported (Deng et al., 2005; Falker et al., 2006; Bilecen and
Yildiz, 2009; De La Cruz et al., 2017). In the case of E9034A, we
found that the presence of divalent cations such as calcium and
magnesium was necessary for optimal expression of CS3 genes.
In terms of effect of the carbon source in transcription, glycerol
and glucose activated and repressed cstH, respectively. Glycerol
is an antagonist molecule of glucose that positively controls the
synthesis of cAMP, which is required for the transcriptional
activity of CRP regulatory protein (Fic et al., 2009). Glucose
is abundant in the duodenum and it is absorbed by the small
intestine resulting in low concentrations of this sugar in the
ileum, regulating the expression of the ST and LT enterotoxins.
In contrast to glucose, glycerol is apparently accumulated toward
the colon and its origin is attributed to in situ microbial synthesis,
desquamation of epithelial cells, and low absorption of this
molecule (Yuasa et al., 2003; Fujimoto et al., 2006; Ohta et al.,
2006; De Weirdt et al., 2010). A model for the differential
regulation of both enterotoxins was proposed in which LT is
repressed while ST is enhanced in ileum, whereas the contrary

FIGURE 7 | Model for the expression of CS3. Schematic of the regulation of
CS3 and its differential expression with Longus (CS21) and ST and LT. High
concentrations of glucose and salt activate and repress Longus/LT and
CS3/ST, respectively. Salts and glucose concentrations are normally higher in
the duodenum than in the ileum, while that both glycerol and cAMP are
present in a contrary fashion. CpxRA and cAMP-CRP proteins differentially
regulate both CS3 and Longus. H-NS represses the expression of all virulence
factors and it is represented by an asterisk.

occurs in the duodenum (Bodero and Munson, 2009). Judging
from our data, CS3 would probably be expressed in the ileum
along with ST since both virulence factors are repressed in
the presence of glucose and therefore controlled by the CRP
regulatory protein (Figure 7). Whereas the expression of Longus
genes is increased in the presence of glucose and repressed
with glycerol, the transcription control of cstH occurred in
the opposite way.

The presence of sodium chloride repressed transcription of
CS3 genes. This effect is contrary to the effect on the expression
of Longus and LT genes (Haycocks et al., 2015; De La Cruz et al.,
2017), Salt can control the conformation of the silencing global
regulator H-NS (Dorman, 2007). H-NS represses transcription
of LT, ST, and Longus genes (Yang et al., 2005; Haycocks et al.,
2015; De La Cruz et al., 2017). In agreement, our data showed
that H-NS also silenced cstH transcription. Fimbrial genes such
as csgD, fimA, papB, daaA and fanA, are repressed in presence of
salt and this effect is H-NS and CpxR-dependent (White-Ziegler
et al., 2000; Schwan et al., 2002; Jubelin et al., 2005). In our study,
H-NS and CpxRA regulators were required for salt-mediated
CS3 repression, supporting the notion that both systems, control
and integrate environmental cues such as osmolarity, in order to
repress the expression of virulence genes.
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Regarding CpxRA, this two-component system has been
implicated in the regulation of virulence factors of some
Gram-negative bacterial pathogens (Altman and Segal, 2008;
Macritchie et al., 2008; Vogt et al., 2010; De La Cruz et al.,
2015, 2016, 2017; Matter et al., 2018). In this study, CpxRA
was found to be a repressor of CS3 expression. CRP and
CpxRA seem to act antagonistically on the expression of both
CS3 and Longus genes (De La Cruz et al., 2017). While
CRP and CpxRA activated and repressed cstH expression,
respectively, these regulatory proteins showed an opposite
effect on lng genes, suggesting that the expression of CS3
and Longus genes is mutually exclusive (Figure 7). The
data generated in this study are the foundation to further
characterize in detail the molecular mechanisms governed
by the H-NS, CpxRA, and CRP regulatory proteins that
control the expression of CS3. We are currently evaluating the
direct or indirect effect of these regulatory proteins on CS3
gene transcription.

Our experimental data suggest a spatio-temporal expression
of CS3 and other ETEC virulence factors such as Longus and
both enterotoxins in the small intestine. When ETEC reaches the
duodenum, Longus and LT would be expressed in this niche. In
the ileum, ETEC would switch the expression of both CS3 and
ST genes. In addition to the canonical ETEC virulence factors,
other surface components such as the type 1 pilus, EatA, YghJ,
EaeH, EtpA have been shown to be associated with intestinal

colonization in mice (Patel et al., 2004; Roy et al., 2008; Luo
et al., 2014; Sheikh et al., 2014, 2017). Further studies are needed
to elucidate how the expression of ETEC canonical and non-
canonical virulence factors is orchestrated and synchronized
during human gut colonization.
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