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Enterotoxigenic Escherichia coli (ETEC) is the leading bacterial cause of diarrhea in the developing world,
as well as the most common cause of traveler’s diarrhea. The main hallmarks of this type of bacteria are the
expression of one or more enterotoxins and fimbriae used for attachment to host intestinal cells. Longus is a
pilus produced by ETEC. These bacteria grown in pleuropneumonia-like organism (PPLO) broth at 37°C and
in 5% CO2 produced longus, showing that the assembly and expression of the pili depend on growth conditions
and composition of the medium. To explore the role of longus in the adherence to epithelial cells, quantitative
and qualitative analyses were done, and similar levels of adherence were observed, with values of 111.44 � 104

CFU/ml in HT-29, 101.33 � 104 CFU/ml in Caco-2, and 107.11 � 104 CFU/ml in T84 cells. In addition, the
E9034A�lngA strain showed a significant reduction in longus adherence of 32% in HT-29, 22.28% in Caco-2,
and 21.68% in T84 cells compared to the wild-type strain. In experiments performed with nonintestinal cells
(HeLa and HEp-2 cells), significant differences were not observed in adherence between E9034A and derivative
strains. Interestingly, the E9034A and E9034A�lngA(pLngA) strains were 30 to 35% more adherent in intes-
tinal cells than in nonintestinal cells. Twitching motility experiments were performed, showing that ETEC
strains E9034A and E9034A�lngA(pLngA) had the capacity to form spreading zones while ETEC E9034A�lngA
does not. In addition, our data suggest that longus from ETEC participates in the colonization of human
colonic cells.

Enterotoxigenic Escherichia coli (ETEC) is an important
cause of infant diarrhea in developing countries, a leading
cause of traveler’s diarrhea, and a reemergent diarrheal patho-
gen in the United States (1, 25, 29, 33, 38, 40, 41, 44, 51, 52, 55).
ETEC strains were first recognized as a cause of diarrheal
disease in animals, especially in piglets and calves, where the
disease continues to cause lethal infection in newborn animals
(3, 37). Studies of ETEC in piglets first elucidated the mech-
anisms of disease, including the presence of two plasmid-en-
coded enterotoxins. In humans, the clinical appearance of
ETEC infection is identical to that of cholera, with severe
dehydrating illness not commonly seen in adults (38, 46). Du-
Pont et al. (12) subsequently showed that ETEC strains were
able to cause diarrhea in adult volunteers. ETEC strains cause
watery diarrhea similar to that caused by Vibrio cholerae
through the action of two enterotoxins, the cholera-like heat-
labile and heat-stable enterotoxins (LT and ST, respectively)
(38). These strains may express an LT only, an ST only, or both
LT and ST. To cause diarrhea, ETEC strains must first adhere
to small bowel enterocytes, an event mediated by a variety of
surface fimbrial appendages called colonization factor antigens
(CFAs), coli surface antigens (CSs), and putative colonization
factors (PCF) (22, 33, 38). Transmission electron microscopy

(TEM) of ETEC strains typically reveals many peritrichously
arranged fimbriae around the bacterium; often, multiple fim-
brial morphologies can be visualized on the same bacterium (6,
19, 31, 38). ETEC strains also express the K99 fimbriae, which
are pathogenic for calves, lambs, and pigs, whereas K88-ex-
pressing organisms are able to cause disease only in pigs (8).
Human ETEC strains possess their own array of colonization
fimbriae, the CFAs usually encoded in plasmids (10). Cur-
rently, more than 20 CFAs known in human ETEC infections
have been described (17). The CFAs can be subdivided based
on their morphological characteristics. Three major morpho-
logical varieties exist: rigid rods (CFA I), bundle-forming flex-
ible rods (CFA III), and thin, flexible, wiry structures (CFA II
and CFA IV) (7, 8, 26, 30, 49, 53, 54).

A high proportion of human ETEC strains contain a plas-
mid-encoded type IV pilus (T4P) antigen (CS20) also called
longus for its length (19, 21). Longus is a T4P composed of a
repeating structural subunit called LngA of 22 kDa, and its
N-terminal amino acid sequences shares similarities with the
class B type IV pili. These pili include the CFA III pilin subunit
CofA of ETEC, the toxin-coregulated pilin (TCP) of V. chol-
erae, and the bundle-forming pilin (BFP) found in entero-
pathogenic E. coli (EPEC) and in a small percentage in other
Gram-negative pathogens (21, 23). The lngA gene, which en-
codes the longus pilus in ETEC strains, is widely distributed in
different geographic regions such Bangladesh, Chile, Brazil,
Egypt, and Mexico (23). Interestingly, the lngA gene has been
observed in association with ETEC strain producers of LT and
ST (23). Sequence analysis of the fimbrial genes provided in-
sight into the evolutionary history of longus. It appears that the
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1193. Fax: 55 57618974. E-mail: juanxico@yahoo.com.

� Published ahead of print on 26 March 2010.

2791



highly conserved nonstructural lngA genes evolved in a similar
manner to that of housekeeping genes.

Recently, another important adherence factor called E. coli
common pilus (ECP) has been identified; it is composed of a
21-kDa pilin subunit whose amino acid sequence corresponds
to the product of the yagZ (renamed ecpA) gene present in all
E. coli genomes sequenced to date (47). ECP production was
demonstrated in strains representing intestinal (enterohemor-
rhagic E. coli [EHEC], EPEC, and ETEC) and extraintestinal
pathogenic E. coli as well as normal-flora E. coli.

In this study we report that longus plays an important role in
the adherence to colonic epithelial cells. In addition to medi-
ating cell adherence, longus is also associated with other
pathogenicity attributes exhibited by other Gram-negative
pathogenic bacteria producing T4P, which can contribute in
part to the virulence of ETEC.

MATERIALS AND METHODS

Bacterial strains and culture conditions. To verify and evaluate the produc-
tion of longus from the ETEC E9034A strain, the bacteria was cultured in
pleuropneumonia-like organism (PPLO) broth (BD Difco, NJ), TSAB (Trypti-
case soy agar supplemented with 5% blood), brucella broth, brain heart infusion
(BHI) broth, MacConkey agar, Luria-Bertani broth (LB), and CFA agar (1%
Casamino Acids, 0.15% yeast extract, 0.005% MgSO4, 0.0005% MnCl2, 2% agar
[pH 7.4]) overnight at 37°C in a 5% CO2 atmosphere. Antibiotics, when neces-
sary, were added at concentrations of 100 �g/ml (ampicillin) and 50 �g/ml
(kanamycin). Strains and plasmids employed in this study are listed in Table 1.

Construction of the ETEC lngA mutant. The lambda Red recombinase system
was used to generate a nonpolar deletion in the lngA gene from the ETEC
E9034A strain, as previously described (9). Primers J1 and J2 were employed to
mutate the lngA gene (Table 2), using the lambda Red system to replace this
gene with a kanamycin resistance cassette derived from the template plasmid
pKD4 (Table 1) (9). L-(�)-Arabinose (Sigma) was used at a final concentration
of 100 mM to induce expression of the lambda red system from plasmid pKD46.
Primers flanking the lngA gene, as well as primers inside the kanamycin cassette
(K1 and K2), were used to confirm the desired gene replacement by PCR.

Colonies were selected using antibiotics required to check the mutations in the
lngA gene.

Cloning of the lngA gene from E9034A. To complement the lngA mutation, the
gene was amplified from ETEC E9034A using primers J5 and J6 and cloned into
the SspI site of the low-copy-number plasmid pBR322.

Purification of longus. ETEC E9034A was grown in PPLO agar (BD, Difco,
NJ) at 37°C in 5% CO2 to induce longus production. The pili were detached by
vigorous shaking from bacteria and were harvested and suspended in phosphate-
buffered saline ([PBS], pH 7.4). Briefly, bacteria were separated twice by centrif-
ugation at 10,000 � g for 30 min, and the supernatant was centrifuged at 18,000 �
g for 30 min to remove flagella, outer membranes, and bacterial debris. The
pilus-containing supernatant was centrifuged at 78,000 � g for 4 h, and the pellet
was dissolved in 5 ml of phosphate buffer (100 mM; pH 7.4) and applied onto a
cesium chloride–1% Sarkosyl gradient to obtain different bands of relatively pure
pili. The purified of longus was subjected to denaturing sodium dodecyl sulfate-
polyacrylamide gel electrophoresis (SDS-PAGE) on 16% acrylamide gels and
Coomassie blue staining (28, 35). The presence of longus was confirmed by TEM.
The purification was performed to generate polyclonal antilongus antibodies.

Polyclonal antisera. Antilongus and anti-ETEC E9034A antibodies were ob-
tained from rabbit as described previously (19). ETEC strains (E9034A and
E9034A�lngA) grown in PPLO broth and CFA agar were used to remove
nonspecific antibodies against longus (eight times).

Detection of LngA production. Immunoblotting was used to detect LngA
production using a 1:2,000 dilution of antilongus antibodies, followed by an
anti-rabbit IgG horseradish peroxidase (HRP) conjugate (1:20,000 dilution), as
previously described (56). Blots were developed with HyGLO chemiluminescent
HRP antibody detection reagent substrate (Denville). Anti-DnaK was used as a
control for protein loading.

TEM and immunogold labeling. Longus was produced in PPLO broth over-
night at 37°C in 5% CO2. After incubation of ETEC strains with HT-29 cells for
6 h, the supernatants were recovered and mounted on a Formvar- and carbon-
coated grid for 5 min and negatively stained with 1% sodium phosphotungstic
acid (pH 7.2) for 5 min. The samples were visualized under a Philips TEM, as
previously described (56). For immunogold assays, the supernatants were recov-
ered after incubation of ETEC E9034A and derivative strains with HT-29 cells
for 6 h at 37°C in 5% CO2. Samples were immunogold labeled using polyclonal
antilongus antibodies, followed by goat anti-rabbit IgG conjugated to 10-nm gold
particles (Sigma Aldrich) and stained with 1% sodium phosphotungstic acid as
previously described. The antibodies were diluted 1:10 in PBS containing 1%
(wt/vol) bovine serum albumin (BSA).

Bacterial adherence to intestinal and nonintestinal cells. The adherence as-
says were performed employing intestinal colonic epithelial cells (HT-29, T84,
and Caco-2) and nonintestinal (HeLa and HEp-2) cells, as previously described
(56). The cell monolayers, at 70 to 80% confluence, were cultured in Dulbecco’s
minimal Eagle medium ([DMEM] Invitrogen, Carlsbad, CA) at 37°C under 5%
CO2 in 24-well polystyrene plates (Cellstar) containing glass coverslips. Cell
monolayers were infected with 10 �l of bacteria with an optical density (OD) of
1.1 for 6 h at 37°C in 5% CO2 and were washed with PBS to remove unbound
bacteria. For the qualitative analysis, the samples were fixed with 2% formalin-
PBS for 20 min and stained with Giemsa for 30 min to be visualized by light
microscopy. For quantitative assessment, the cell monolayers were treated with
1 ml of 0.1% Triton X-100 for 10 min and were removed to perform serial
dilutions; data are expressed as the number of CFU. Quantitative analyses of
adherence assays were performed in triplicate on three different days to obtain
an average of the results.

Immunofluorescence. Adherence assays were performed by incubating 10 �l
of overnight bacterial cultures (ETEC E9034A strains) with intestinal cell (T84,
Caco-2, and HT-29 cells) and nonintestinal cell (HeLa and HEp-2 cells) mono-

TABLE 1. Bacterial strains and plasmids

Bacterial strain or plasmid Characteristic(s) Source or
reference

ETEC strains
E9034A Wild-type strain 19
E9034A�lngA lngA::Kmr This work
E9034A�lngA(pLngA) Kmr Ampr This work

Plasmids
pLngA Ampr This work
pKD4 Kanamycin cassette 9
pKD46 Plasmid containing the

Red recombinase
9

pBR322 Ampr Tcr 4

TABLE 2. List of primers used in this study

Primer name Sequence (5�–3�) Function or description

J1 ATGAGCCTGCTGGAAGTTATCATTGTTCTTG lngA mutant
GCATTATCGGTACGATTGC

J2 TTAACGGCTACCTAAAGTAATTGAGTTTACC lngA mutant
TGAGCAGTACAGGTACTTA

J5 ATGAGCCTGCTGGAAGTTAT CATTG Amplification of the lngA gene
J6 TTAACGGCTACCTAAAGTAATTGAGTT Amplification of the lngA gene
K1 GCCCAGTCATAGCCGAATAGCCT Inside the kanamycin resistance gene
K2 CGGTGCCCTGAATGAACTGCAGG Inside the kanamycin resistance gene
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layers for 6 h at 37°C with 5% CO2. Cell monolayers were washed with PBS, fixed
with 2% formalin overnight, and incubated with primary antilongus antibodies
diluted 1:2,000 for 2 h. After being washed three times with PBS–Tween-20
(PBST), the samples were incubated with goat anti-rabbit IgG conjugated with
Alexa Fluor 488 diluted 1:5,000 in PBS-horse serum (HS) for 2 h each, at room
temperature. A 1:5,000 dilution of propidium iodide in PBS-HS was used for
DNA staining, and the coverslips were mounted on glass slides with 1% p-
phenylenediamine mounting medium. Samples were visualized using an Axio
Imager 1.0 Zeiss microscope as previously described (20).

Flow cytometry. ETEC strains (E9034A and derivative strains) were cultured
in PPLO broth and CFA agar at 37°C with 5% CO2 to determine the production
of longus by flow cytometry, as previously described (6). For the assays, 45 �l of
a bacterial culture at an OD at 600 nm (OD600) of 1.1 and grown overnight was
incubated with 40 �l of antilongus antibodies using a dilution of 1:2,000 for 2 h
on ice. After three gentle washes with cold PBS, the bacteria were resuspended
in 40 �l of a 1:10,000 dilution of goat anti-rabbit IgG(H�L)-Alexa Fluor con-
jugate (Invitrogen, California). After 2 h of incubation on ice, the bacteria were
gently washed three times with PBS and resuspended in an 800-ml final volume
of PBS. For the analysis, the bacteria were labeled with 5 �l of a propidium
iodide solution (Sigma Aldrich). Samples were analyzed in a Becton Dickinson
FACSCalibur. The experiments were performed three times in triplicates on
separate days, and the data are expressed as the mean of the averages of the
results obtained from the three experiments performed.

ELISAs. Previously, E9034A and derivative strains were cultured in PPLO
broth overnight at 37°C in 5% CO2 to trigger the production of longus. Polysty-
rene 96-well plates containing HT-29 cells were incubated with 3 �l of the
bacteria at an OD600 of 1.1 for 6 h at 37°C in 5% CO2. The recovered superna-
tants (unbound bacteria) were centrifuged at 9,000 � g, and the pellets were
resuspended in 200 �l of 0.05 M carbonate buffer, pH 9.6. Immediately, the
recovered bacteria were used to coat quadruplicate in 96-well plates and incu-
bated overnight at 4°C. In both cases, unbound bacteria and bacteria attached to
HT-29 cell monolayers were identified with anti-ETEC antibodies and were
measured in an enzyme-linked immunosorbent assay (ELISA) reader at 405 nm
(Multiskan Ascent; Thermo Labsystems). The production of pili bound to the
bacteria in contact with HT-29 cells and in the supernatants was identified with
polyclonal antilongus antibodies. The experiments were performed in quadru-
plicate, and the wells were blocked with 1% dry milk in PBST for 2 h at 37°C,
washed, and then incubated with antilongus antibodies for 2 h at room temper-
ature. After three washes, secondary antibodies conjugated to anti-rabbit IgG-
alkaline phosphatase were added for 2 h at room temperature. The presence of
longus binding to bacteria was measured by adding the appropriate substrate and
by ELISA reader at 405 nm (Multiskan Ascent; Thermo Labsystems).

Twitching motility assay. The twitching motility assay was performed, and
twitching motility was evidenced as described by Xicohtencatl et al. (57). ETEC
E9034A and the mutant strains were cultured in PPLO broth with 1% agar
grown for 24 h and stained with Coomassie blue for 1 h. EHEC EDL933
wild-type and EDL933�hcpA strains were inoculated in Minca minimal medium
with 1% agar and used as positive and negative controls, respectively.

RESULTS

Optimal medium to trigger longus production. Longus is a
type IV pilus produced by ETEC grown on PPLO agar at 37°C
in 5% CO2 and is not produced on CFA agar or in DMEM (6).
The production of longus using polyclonal antilongus antibod-
ies was detected by flow cytometry. The antibodies against
longus were absorbed eight times using the E9034A and
E9034A�lngA (not containing the lngA gene) strains grown on
CFA agar and in PPLO broth overnight at 37°C. The E9034A
strain cultured in PPLO broth, TSAB, brucella broth, BHI
broth, MacConkey agar, and LB broth at 37°C in 5% CO2

produced longus in different percentages, with greater produc-
tion of these pili in PPLO broth (Fig. 1). However, no produc-
tion of longus was observed in the ETEC E9034A strain when
it was cultured on CFA agar or Minca minimal medium agar or
in DMEM and cultured overnight at 37°C in 5% CO2 (Fig. 1).

Longus production by ETEC E9034A and derivative strains.
According to the data obtained by flow cytometry, PPLO broth

and TSAB were the best media to express longus in the
E9034A strain. Flow cytometry was used to evaluate the pro-
duction of longus in the E9034A wild-type, E9034A�lngA, and
E9034A�lngA(pLngA) strains. The results showed that 100%
of the ETEC strains stained with propidium iodide produced
35% of longus when labeled with Alexa Fluor 488 (Fig. 2A).
The mutation in the lngA gene from the ETEC E9034A strain
grown in PPLO at 37°C in 5% CO2, as expected, showed a
negative effect in the production of longus, confirming the lack
of the lngA gene which was replaced with a kanamycin cassette
(Fig. 2A). In addition, when the ETEC E9034A strain with a
deletion of the lngA gene was complemented with the pLngA
plasmid, the capacity to produce and assemble longus was
restored at a level similar to that of the wild-type, i.e., 33 to
35%, respectively (Fig. 2A).

Ultrastructural studies of longus. To verify the production
of longus by ETEC E9034A and derivative strains, the bacteria
were cultured in PPLO broth, labeled with anti-rabbit IgG
conjugated to 10-nm gold particles, and negatively stained to
be visualized by TEM (data not shown). The presence of longus
was investigated and well characterized in the recovered super-
natant from E9034A, E9034A�lngA, and E9034A�lngA(pLngA)
strains after 6 h of incubation with HT-29 cells. Longus pro-
duced by ETEC strains was detected by immunogold labeling
with antilongus antibodies to confirm the identity of longus.
Using these growth conditions, we were able to observe the
production of longus forming long bundles (�20 �m) associ-
ated to the bacteria in only the E9034A wild-type and
E9034A�lngA(pLngA) strains (Fig. 3A and C). Under the
same growth conditions that produced longus, no gold particles
were seen associated to the surface of the E9034A�lngA strain,
confirming the lack of the lngA gene and the purity and spec-
ificity of the antibody (Fig. 3B). Moreover, no gold particles
and no assembly of longus were visualized in ETEC E9034A
and derivative strains when they were cultured in CFA
broth, and this suppression of the production of longus con-
firms that its expression and production depend on the com-
position of the growth medium (data not shown).

Production of LngA pilin. To evaluate the production of
longus, the wild-type ETEC and derivative strains were cul-
tured under conditions where these pili are produced. Whole

FIG. 1. Percentages of longus production in ETEC E9034A strains
grown in different media at 37°C in 5% CO2, showing the highest
production in PPLO broth and TSAB and no production in CFA agar
or in Minca minimal medium.
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bacterial cell extracts were normalized and analyzed in 16%
SDS-PAGE gels, and the proteins were transferred to a nitro-
cellulose membrane to be incubated with polyclonal rabbit
antilongus antibodies, followed by a horseradish peroxidase
conjugate. Results of Western blotting showed that the ab-
sence of the lngA gene had a negative effect on the production
of the LngA protein (Fig. 2B). The ETEC E9034A wild-type
strain and the lngA mutant complemented with pLngA showed
the presence of a protein of 22 kDa that corresponds to the
pilin, the structural subunit of longus. Anti-DnaK antibody was
used to detect the DnaK protein to ensure that equal amounts
of antigen were tested (Fig. 2B).

Role of longus in adherence to epithelial cells. Assembly of
longus of ETEC E9034A results from specific growth condi-
tions. To trigger the production of longus and to determine
its possible role, intestinal (HT-29, T84, and Caco-2 cells)
and nonintestinal epithelial cells were incubated for 6 h with
10 �l of a bacterial suspension grown overnight in PPLO
broth at 37°C in 5% CO2. Qualitative analysis from human
colonic cells infected with ETEC 9034A showed similar lev-
els of adherence, with values of 111.44 � 104 CFU/ml in

HT-29, 101.33 � 104 CFU/ml in Caco-2, and 107.11 � 104

CFU/ml in T84 cells (Fig. 4A; see also Fig. 5). However, the
E9034A�lngA strain showed a significant reduction in ad-
herence of 32% in HT-29, 22.28% in Caco-2, and 21.68% in
T84 cells in comparison to the wild-type strain tested with
the colonic cells described above (Fig. 4A). In addition, we
observed a significant reduction in adherence of the bacteria to
cultured intestinal cells (HT-29, T84, and Caco-2 cells) be-
tween the lngA mutant and the wild-type strain (P � 0.0001).
Interestingly, the ETEC E9034A�lngA(pLngA) strain restored
100% of the capacity to interact with the surface of human
colonic cells, showing the same levels of adherence as those
observed in the ETEC E9034A strain. Qualitative analysis of
the different adherence assays with E9034A and derivative
strains using HT-29 human colonic cells was directly correlated
with the values of the quantitative analysis. The images pro-
cessed by light microscopy confirmed the differences in adher-
ence observed with the quantitative analyses between the wild-
type and the E9034A�lngA strains (Fig. 5A). Evidently the
adherence levels were not completely abolished in the mutant,
and this could be due to the presence of other adhesins that

FIG. 2. Percentages of longus production in ETEC E9034A and derivative strains. (A) ETEC E9034A and derivative strains were cultured in
PPLO broth and CFA agar, and expression was measured by flow cytometry. No production of longus was observed in the lngA mutant. Longus
production was restored in the ETEC E9034A�lngA strain complemented with the pLngA plasmid. (B) Western blot of whole bacterial cell
extracts analyzed in 16% SDS-PAGE gels using antilongus polyclonal antibodies. The ETEC wild-type strain and the lngA mutant complemented
with pLngA showed the presence of a protein of 22 kDa that corresponds to the LngA pilin. The LngA pilin was not produced in the lngA mutant.
Anti-DnaK antibody was used to detect the DnaK protein to ensure that equal amounts of antigen were tested.

FIG. 3. Immunogold labeling of longus produced by ETEC strains with antilongus antibody. (A) E9034A. (B) E9034A�lngA.
(C) E9034A�lngA(pLngA). No gold is seen associated with the bacterial cell surface recognizing the antilongus antibody specific to the fimbriae.
The electron micrographs were taken at a magnification of �19,000. The insets in panels A and B show the whole bacterium producing longus
covered with gold particles.
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can act simultaneously or at distinct steps of the adherence
process.

In other studies, quantitative analysis of adherence assays
using nonintestinal cells (HEp-2 and HeLa cells) did not show
significant changes in the number of CFU among the wild-type
and derivative strains (Fig. 4B). These data correlated with the
images obtained by light microscopy, where no significant
changes were observed in the levels of adherence (data not
shown). All the strains tested [E9034A�lngA with respect to
the wild-type and E9034A�lngA(pLngA) strains] in nonintes-
tinal cells showed a minimal change of 5 to 10% in the values
of adherence (Fig. 4B). Interestingly, significant changes were
observed in the percentages of adherence among human co-
lonic cells and nonintestinal cells (Fig. 4A). The results showed
that when human colonic cells (HT-29) were used, a significant
increase was observed (above 30%) in the levels of adherence
of the E9034A wild-type and E9034A�lngA(pLngA) strains
compared with adherence in nonintestinal cells (Fig. 4). In
sum, the reduction in adherence of 30 to 35% observed in the
lngA mutant strain in contact with intestinal cells correlates
with the values obtained for adherence in nonintestinal cells,
showing similar levels for the E9034A, E9034A�lngA, and
E9034A�lngA(pLngA) strains. Our data suggest the presence
of a possible receptor localized in the surface of human
colonic cells (HT-29, T84, and Caco-2) and absent in non-
intestinal cells. The images from light microscopy (qualita-
tive analysis) confirmed the result obtained by the quanti-
tative analysis (Fig. 5A).

Correlation between longus production and adherence. The
presence of longus on bacteria adhering to cultured intestinal
cells was investigated and analyzed by immunofluorescence
microscopy (IFM). For the IFM assays, HT-29 cells in 1 ml of
DMEM supplemented with 5% D-mannose were incubated
with the E9034A, E9034A�lngA, and E9034A�lngA(pLngA)
strains for 6 h at 37°C. Using rabbit antilongus antibodies and
IFM, we saw that bacterial colonies produced abundant fluo-
rescent structures forming large filaments that emerged from

the E9034A and E9034A�lngA(pLngA) strains, which is con-
sistent with the presence of pili (Fig. 5B). Previously, the bac-
teria were cultured in PPLO broth at 37°C under 5% CO2

(conditions in which longus is produced) overnight, and the
monolayer of epithelial cells (intestinal and nonintestinal) in 1
ml of DMEM were infected with 10 �l of a bacterial suspen-
sion at an optical density (OD600) of 1.1. The assays were
performed for 6 h at 37°C in 5% CO2, and three washes with
PBS were done to remove unbound bacteria. IFM showed that
longus adhered to intestinal cells. It is important to indicate
that longus is not produced in DMEM. The supernatants were
used for the immunogold assays. The large filament structures
appeared to be interconnecting bacteria mediating direct bind-
ing to the surface of human colonic cells (Fig. 5B). No fluo-
rescence was visualized when the preimmune serum was used,
confirming the specificity of the reaction (data not shown).
Meanwhile, the images taken from the E9034A�lngA strain
showed no fluorescent structures, confirming the lack of the
lngA gene in this strain (Fig. 5B).

According to our preliminary data, HT-29 cells were used
because they are intestinally derived cells with physiologically
relevant implications in the study of intestinal pathogen adher-
ence and because they withstand long incubation periods with
the bacteria. ELISAs were performed four times to quantita-
tively evaluate the correlation between the levels of adherence
and the production of longus. ELISAs showed different adher-
ence levels of ETEC and the mutant strain, with a significant
reduction of adherence in the E9034A�lngA strain compared
with the wild type (P � 0.0001) (Fig. 6A). These data con-
firmed and are consistent with the results obtained previously
by plating serial dilutions and obtaining CFU counts (Fig. 4A).
The ELISA plate containing the HT-29 cells and bacteria from
ETEC strains was identified with anti-ETEC antibodies to
quantitatively measure the levels of adherence. Previously,
anti-ETEC was incubated with HT-29 cells to eliminate any
antibody that could cross-react and interfere with the detection
of the bacteria. In contrast, no signal was detected in HT-29

FIG. 4. Qualitative comparison of adherence between ETEC E9034A and derivative mutant strains to epithelial cells. (A) Adherence assays
performed with colonic human cells. In the three cellular lines HT-29, T84, and Caco-2 a significant reduction in adherence is observed in the
mutant strain (E9034A�lngA). (B) Adherence assays with nonintestinal cells where no reduction of adherence is observed. The monolayers of
epithelial cells were obtained at 70 to 80% confluence and were incubated with ETEC strains for 6 h at 37°C in 5% CO2. The experiments were
performed in triplicate on three different days. *, statistically significant (P � 0.0001) with respect to the values obtained from the wild type, the
lngA mutant, and the lngA mutant complemented with the same gene.
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cells incubated with ETEC strains [wild-type E9034A,
E9034A�lngA, and E9034A�lngA(pLngA)] when preimmune
serum was used as a negative control (data not shown). Our
data showed that the E9034A and E9034A�lngA(pLngA)
strains are attached to the surface of the HT-29 cells, with
similar levels of adherence (Fig. 6A). However, when we tested
the E9034A�lngA strain, a significant reduction of 24.5% was

observed in the levels of adherence in comparison to the wild-
type E9034A (P � 0.0001) (Fig. 6A). Sample duplicates were
used to determine the levels of longus production, with anti-
longus followed by an anti-rabbit IgG-alkaline phosphatase
conjugate used for detection by ELISA. The result showed values
of adherence for the E9034A and E9034A�lngA(pLngA) strains
of 2.73 and 2.53, respectively (Fig. 6A). As expected, no signal was

FIG. 5. Qualitative analysis and immunofluorescence of wild-type ETEC E9034A and derivative mutants. (A) Images by light microscopy show
differences in adherence between ETEC and derivative strains in contact with human colonic cells. The images were taken at a magnification of
�200 in a light microscope. (B) Images by IFM of ETEC E9034A and E9034A�lngA(pLngA) strains showing long fluorescent fibers (green)
extending several micrometers throughout the cell monolayer interconnecting the bacteria (red). No fluorescent fibers are seen in the
E9034A�lngA strain, confirming the lack of the lngA gene. DNA in bacteria and eukaryotic cells were stained red with propidium iodide. The
images were processed at �200. In both panels HT-29 cells without infection were used as controls.
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detected in the E9034A�lngA strain, confirming the lack of the
lngA gene (Fig. 6A).

Nonattached bacteria in HT-29 cells and contained in the
supernatants were recovered and analyzed by ELISA. Bacteria
not attached to human colonic cells and present in the super-
natants were used for ELISAs in which the plates were coated
completely with ETEC strains (E9034A and derivative strains).
The number of bacteria measured with anti-ETEC antibodies
by ELISA produced OD values of 0.4733 for the E9034A strain
and 0.5333 for the E9034A�lngA(pLngA) strain (Fig. 6B).
Interestingly, we observed an increase in the ELISA readings
in the E9034A�lngA strain, with an OD value of 1.14 (Fig. 6B).
Obviously, the increases in bacteria in the supernatants are due
to colonies that do not adhere to the surface of human colonic
cells. When the recovered supernatants reacted with antilon-
gus antibodies, we observed low production of longus, with
optical densities of 0.0571 and 0.0535 for strains E9034A and
E9034A�lngA(pLngA), respectively. The E9034A�lngA strain
did not react with antilongus antibodies, which confirms the
presence of the mutation. These data suggest that longus-
producing strains have the capacity to attach to the surface of
cells.

Inhibition of adherence using antibodies against longus.
The inhibition assays with intestinal cells (HT-29) were per-
formed using polyclonal antilongus antibodies at different di-
lutions (1:10, 1:50, and 1:100) against ETEC E9034A and de-
rivative strains under conditions where longus is produced.
The results obtained showed a striking dose-dependent inhi-
bition in the E9034A and E9034A�lngA(pLngA) strains,
reaching more than 40% inhibition at a dilution of 1:10 (Fig.
7A). The inhibition levels were reduced in the E9034A and
E9034A�lngA(pLngA) strains when they were tested using a
dilution of 1:100, and almost the same levels of adherence were
observed as without the antilongus antibodies. However, the
E9034A�lngA strain did not show any changes at the three
dilutions tested because this mutant did not assemble longus
since it lacks the lngA gene (Fig. 7A). No change in the levels
of inhibition was observed in the E9034A, E9034A�lngA, and
E9034A�lngA(pLngA) strains when they were incubated with
the preimmune serum (Fig. 7B). Our results indicated that
differences observed at the three dilutions were due to the
presence of longus antibodies in the serum employed. These
data support the participation of longus in adherence of the
bacteria to intestinal colonic epithelial cells.

FIG. 6. Immunofluorescence and quantification of bacterial adherence to HT-29 cells by ELISA. The strains were incubated with human
colonic HT-29 cells for 6 h and were read by an ELISA reader. (A) After this incubation time, the nonbinding bacteria were removed, and the
cells with attached bacteria were washed with PBS. The presence of the bacteria attached to the cells and the pili were read at 405 nm using
antilongus and anti-ETEC antibodies, respectively. A significant reduction in the E9034�lngA was also observed, as described in the legend of Fig.
4. (B) We observed that not all the bacteria [E9034A, E9034A�lngA(pLngA)] in the supernatants produced longus. Interestingly, E9034A�lngA
showed high levels of bacteria in the supernatants in comparison to E9034A and E9034A�lngA(pLngA) strains. *, statistically significant (P �
0.0001) with respect to the values obtained without the presence of antibodies against longus.

FIG. 7. Inhibition assays with antilongus antibodies. (A) HT-29 cells were used to perform this assay at 1:10, 1:50, and 1:100 dilutions. A
dose-dependent inhibition can be seen in E9034A and E9034A�lngA(pLngA) strains. Due to the inability of the E9034A�lngA strain to assemble
longus, no change was observed. (B) The bacteria were added to HT-29 cells in the absence (0) or the presence of three dilutions of the preimmune
serum (1:10, 1:50, and 1:10). Error bars represent standard deviations.
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Longus is involved in the twitching motility phenomenon.
Twitching motility is a form of semisolid surface translocation
capable of producing spreading zones in a wide range of bac-
teria, and this ability is associated with virulence and T4P
production in many Gram-negative bacteria (31). The retrac-
tion and extension phenomenon is produced by the flexible pili
of bacteria. Our results showed that longus produced by ETEC
E9034A and E9034A�lngA(pLngA) strains formed spreading
zones. These longus-producing strains induce the formation of
halos of different diameters, and show a twitching motility zone
on the agar interstitial surface where the production of longus
is triggered (Fig. 8). However, twitching motility was not ob-
served in the ETEC E9034A�lngA strain (Fig. 8). Hemor-
rhagic coli pili (HCP) produced by enterohemorrhagic E. coli
and the hcpA mutant strain were used as positive and negative
controls, respectively.

DISCUSSION

Gram-negative bacteria are capable of producing distinct
pilus types, which allow them to recognize different receptor
moieties in the surface of epithelial cells (2). ETEC is an
important cause of diarrhea among children in developing
countries and among travelers to areas of ETEC endemicity.
These bacteria produce a variety of surface appendages called
colonization factor antigens (CFAs), coli surface antigens
(CSs), and putative colonization factors (PCFs), which favor
the interaction of the bacteria with the intestinal brush border
cell (4, 14, 16). ETEC expresses one or both of two types of
toxins, heat-stable and heat-labile enterotoxins (ST and LT,
respectively), that are generally encoded or regulated by large

virulence plasmids involved in diarrhea. Recent studies have
described other pili produced by ETEC strains (6).

A considerable number of human isolates produce in addi-
tion to CFAs a plasmid-encoded, type IV pilus, termed longus
due to its unusual length (�20 um long) (19). The longus
structural gene lngA was found at frequencies similar to those
reported for CFA I and CFA II (�38%) in some geographic
regions. Some CFA-negative strains were also shown to have
the lngA gene even though not all of the ETEC strains that
produced these colonization factors produced longus (19, 21,
45). In this study, we report the production of longus from the
ETEC E9034A strain in different culture media and showed
that growth in PPLO broth or TSAB and contact with host cells
are the best conditions for the expression of these pili. These
results suggest that longus production in vivo could be modu-
lated by the composition of the medium and other conditions
such as nutrients, pH, and temperature and by the presence of
CO2. Previous reports have indicated that the production of
T4P in other pathogenic E. coli is under the control of envi-
ronmental signals; therefore, the production of longus in
ETEC E9034A is probably tightly regulated (14, 42). Some of
the signaling factors involved in the induction of pilus expres-
sion have been studied for some pathogenic E. coli (13, 42).
The environmental signals and molecular mechanisms in-
volved in regulation of transcription of toxin-coregulated pilus
(TCP) from V. cholerae, the bundle-forming pilus (BFP) of
EPEC, and the 987P pili of ETEC have been recently studied
(13, 15, 42, 48, 50). We believe that the environmental and
nutritional signals that trigger longus production must resem-
ble those found in vivo, perhaps during colonization of the
small intestine in humans. Recently, studies showed that the
EHEC O157:H7 strain produces HCP (T4P) after growth in
Minca medium and in contact with host cells, suggesting that
its expression is probably tightly regulated (24). These studies
in vitro suggest that the assembly of HCP in the EHEC
O157:H7 wild-type strain required and depends on environ-
mental and culture medium conditions (56).

It is well established that ETEC strains colonize the small
intestine mediated by appendices called colonization factors
(39). CFA III from ETEC is a type IV pilus that has been
found only in LT-producing strains of the O25:H16 and
O25:H2 serotypes and has been associated with CS6 (21, 34).
CFA III antigen is closely related to longus, a type IV pilus
composed of a 22-kDa subunit which shares similarities at the
level of N-terminal sequences. Many functions associated with
pathogenicity in Gram-negative bacteria are attributed to T4P,
including twitching motility, adherence to host cells, biofilm
formation, DNA uptake, phage attachment, cell signaling, in-
vasion, and evasion of the immune system (32, 56, 57).

In the present study, we explored whether longus produced
by ETEC E9034A is involved in the phenomenon of adherence
as a requirement for mediating the interaction between the
bacteria and cultured epithelial cells (intestinal and nonintes-
tinal cells). To achieve this aim, we analyzed in comparative
and quantitative assays the ability of the wild-type strain, the
lngA mutant, and the lngA mutant complemented with pLngA
to adhere to various human intestinal colonic cell and nonin-
testinal cell lines. Our data provide evidence that clearly show
that ETEC E9034A is able to assemble LngA, a type IV pilin,
into bundles of pili called longus, forming a large structure

FIG. 8. Twitching motility for ETEC E9034A and derivative
strains. E9034A and E9034A�lngA(pLngA) strains display spreading
zones, showing the retraction and extension of these pili. This phe-
nomenon is not observed in the ETEC E9034A�lngA strain. HCP from
enterohemorrhagic E. coli and the hcpA mutant were used as positive
and negative controls, respectively.
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when it is in contact with human intestinal cells. In addition, we
observed that longus produced by ETEC strains is involved in
adherence to human colonic cells (HT-29, T84, and Caco-2
cells). Other observations indicate that the lngA mutant exhib-
ited a significant reduction (P � 0.0001) in the attachment to
cultured intestinal cells, but the mutant could be restored to
full adherence by complementation with the lngA gene. Inter-
estingly, adherence assays with nonintestinal epithelial cells
exhibited a significantly decreased attachment to the surface of
epithelial cells in comparison with attachment to intestinal
cells (P � 0.0001). However, the levels of adherence observed
in the E9034A and derivative strains [E9034A�lngA and
E9034A�lngA(pLngA)] did not show any difference. These
data strongly suggest the presence of a receptor, possibly lo-
calized in the surface of the intestinal cells. The comparative
studies between the percentages of adherence and the produc-
tion of longus revealed that almost all bacteria attached to the
intestinal cells produce these pili. Interestingly, bacteria unat-
tached to intestinal cells and present in the supernatants
showed low production of longus, confirming its role in the
events of adherence to human colonic cells. According to the
ultrastructural and IFM studies performed, these data strongly
suggest that longus contributes in mediating the interaction
between the bacteria and a particular receptor, which is ap-
parently widely distributed among colonic intestinal cells. The
production of longus by ETEC strains could act at early or late
stages during the colonization process, but this requires further
investigation. In this context, longus could be playing an ac-
cessory role in the colonization of the small intestine, support-
ing the hypothesis of the participation of these fimbriae in the
first stages of the bacteria’s adherence to intestinal cells. In
fact, these data are a strong indication that longus participates
in promoting the bacterial adherence to host intestinal epithe-
lial cells, participating as a colonization factor in vitro.

Type IV pili in many pathogens are involved in diverse
mechanisms related to colonization of host cells. Gram-nega-
tive bacteria like Pseudomonas aeruginosa, Neisseria gonor-
rhoeae, and Neisseria meningitidis contribute to the formation
of twitching motility, and their mutants defective in twitching
motility show reduced virulence in vitro and in vivo (36, 43, 58).
Recently, we reported that HCP, a type IV pilus from EHEC,
is involved in the formation of twitching motility. BFP from
EPEC is responsible for bacterial aggregation and microcolony
formation on epithelial cells although it has not been reported
to be involved in twitching motility (5, 11, 18, 27). Our data
indicated that the production of longus by ETEC strains par-
ticipates in the phenomenon of twitching motility, which may
contribute to the pathogenicity of the bacteria. Still, it is nec-
essary to perform other types of assays to verify the potential
role of longus retraction in ETEC virulence.
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