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Bacterial lipopolysaccharides (LPS) are structural components of the outer membranes of Gram-negative bacteria and also are
potent inducers of inflammation in mammals. Higher vertebrates are extremely sensitive to LPS, but lower vertebrates, like fish,
are resistant to their systemic toxic effects. However, the effects of LPS on the fish intestinal mucosa remain unknown. Edward-
siella ictaluri is a primitive member of the Enterobacteriaceae family that causes enteric septicemia in channel catfish (Ictalurus
punctatus). E. ictaluri infects and colonizes deep lymphoid tissues upon oral or immersion infection. Both gut and olfactory or-
gans are the primary sites of invasion. At the systemic level, E. ictaluri pathogenesis is relatively well characterized, but our
knowledge about E. ictaluri intestinal interaction is limited. Recently, we observed that E. ictaluri oligo-polysaccharide (O-PS)
LPS mutants have differential effects on the intestinal epithelia of orally inoculated catfish. Here we evaluate the effects of E.
ictaluri O-PS LPS mutants by using a novel catfish intestinal loop model and compare it to the rabbit ileal loop model inoculated
with Salmonella enterica serovar Typhimurium LPS. We found evident differences in rabbit ileal loop and catfish ileal loop re-
sponses to E. ictaluri and S. Typhimurium LPS. We determined that catfish respond to E. ictaluri LPS but not to S. Typhimu-
rium LPS. We also determined that E. ictaluri inhibits cytokine production and induces disruption of the intestinal fish epithelia
in an O-PS-dependent fashion. The E. ictaluri wild type and �wibT LPS mutant caused intestinal tissue damage and inhibited
proinflammatory cytokine synthesis, in contrast to E. ictaluri �gne and �ugd LPS mutants. We concluded that the E. ictaluri
O-PS subunits play a major role during pathogenesis, since they influence the recognition of the LPS by the intestinal mucosal
immune system of the catfish. The LPS structure of E. ictaluri mutants is needed to understand the mechanism of interaction.

The genus Edwardsiella, which consists of the four species E.
tarda, E. hoshinae, E. piscicida, and E. ictaluri, is one of the

most primitive members of the Enterobacteriaceae family (1). E.
ictaluri is one of the most important pathogens of commercially
raised channel catfish (Ictalurus punctatus) (2), which account for
more than 80% of U.S. aquaculture production, in spite of the
recent production decrease (3, 4). E. ictaluri infects and colo-
nizes catfish internal lymphoid tissues upon oral or bath infec-
tion, making it a promising strain to develop effective live at-
tenuated recombinant vaccines for the catfish industry (J.
Santander and R. Curtiss III, presented at the AFRI/NRI Ani-
mal Health and Welfare Annual Project Director Meeting, Chi-
cago, IL, 2012). Both gut and olfactory organs are the primary
sites of invasion of E. ictaluri in natural outbreaks (5). E. icta-
luri crosses the intestinal mucosa of channel catfish in 15 min
after oral inoculation with 109 CFU (6). Although there are
substantial descriptive data relative to the invasion, spread, and
persistence of E. ictaluri in channel catfish (6–8), little is known
about the molecular mechanisms of E. ictaluri fish intestinal
pathogenicity and the pathogen-associated molecular patterns
(PAMPs) recognized by fish.

One of the most studied PAMPs is the lipopolysaccharide
(LPS) that in mammals is recognized by the Toll-like receptor 4
(TLR-4) (9–11). LPS is the major component of the external layer
of the outer membrane of Gram-negative bacteria. LPS is com-
posed of three distinct parts: carbohydrate subunits or oligo-poly-
saccharides (O-PS), the oligosaccharide core region, and lipid A,
which is responsible for the activation of the innate immune re-
sponse in mammals and confers the endotoxic properties of the

LPS (12). On the other hand, fish, in contrast to mammals, are
remarkable resistant to the toxic effects of LPS (13–15).

LPS is an important virulence factor for E. ictaluri (16–18). The
E. ictaluri LPS gene cluster has been identified by transposon mu-
tagenesis (16, 17) and was recently fully described (18). E. ictaluri
LPS O-PS mutants exhibited different levels of virulence, tissue
colonization, and intestinal gut inflammation in orally inoculated
catfish (18). Indeed, the E. ictaluri wild type causes diarrhea-like
symptoms in orally infected fish, in contrast to E. ictaluri LPS
mutant strains (18). This observation correlates with the current
idea that fish recognize the O-PS of the LPS instead of the lipid A
(19) and that fish recognize LPS at the intestinal level.

Ligated ileal loops have been used to evaluate the contribution
of LPS to intestinal bacterial colitis in rabbits, mice, and calves
(20–23). Initially ligated loops of rabbit small intestine were used
as a model to assess the contribution of putative virulence factors
to bacterial pathogen-induced diarrhea. This model was used for
Vibrio cholerae, where the injection of whole cultures (24, 25),
culture supernatants (26), and cell extracts (27) caused dilation of
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the loop due to fluid accumulation. The rabbit ileal loop model
also has been used to study pathogenesis of Escherichia coli (28–
30), Salmonella (20, 31, 32), Shigella (33), Pseudomonas aeruginosa
(34), Clostridium perfringens (35), Vibrio parahaemolyticus, Vibrio
alcaligenes (36), and Bacillus cereus (37). In the search for a model
that mimics the human intestinal bacterial infection and inflam-
matory responses, murine and bovine ligated ileal loops also have
been used (38–40).

The complete LPS structure of E. ictaluri has not been eluci-
dated. Nevertheless, the composition and structure of the E. icta-
luri O-PS have been reported (41). The E. ictaluri typical O-chain
was found to be an unbranched linear polymer of a repeating
tetrasaccharide unit composed of D-glucose, 2-acetamido-2-
deoxy-D-galactose, and D-galactose in a 1:2:1 ratio having the
structure [¡4)-�-D-Glcp-(1¡4)-�-D-GalpNAc-(1¡3)-�-D-
GalpNAc-(1¡4)-�-D-Galp-(1¡]n (41). The E. ictaluri O-PS bio-
synthesis enzymes are encoded by four genes, wibT, galF, gne, and
ugd, located in the O-PS gene cluster (17, 18). As mentioned pre-
viously, we determined that catfish orally inoculated with the E.
ictaluri wild type developed diarrhea-like symptoms, in contrast
to fish inoculated with LPS-defective (�wibT, �gne, and �ugd)
mutants (18). Intestinal diseases often lead to disruption of the
intestinal epithelial barrier either through attachment and inter-
nalization-mediated effector molecule release or through stimu-
lation of host inflammatory responses that ultimately compro-
mise junctional integrity (42). Several studies have begun to
explore the cellular and molecular compositions of mucosal sur-
faces in salmonids (43, 44), carp (45), cod (46), flounder (47), and
catfish (48–50). Recently, it has been suggested that E. ictaluri
survives in intestinal macrophages (18) and causes intestinal bar-
rier disruption and immune suppression (48). Using a novel cat-
fish intestinal loop model, we corroborated that E. ictaluri caused
intestinal barrier disruption and immunosuppression in an LPS
O-PS-dependent fashion. Furthermore, we determined that E.
ictaluri LPS O-PS plays a major role during catfish intestinal in-
fection and immune protective stimulation by a live attenuated E.
ictaluri vaccine.

MATERIALS AND METHODS
Ethics statement. All research involving fish was conducted as per proto-
col 09-1042R, approved by the Arizona State University Institutional An-
imal Care and Use Committee.

Bacterial strains, media, and reagents. The bacterial strains and plas-
mids used in this study are listed in Table 1. Bacteriological media and

components are from Difco (Franklin Lakes, NJ). Antibiotics and re-
agents are from Sigma (St. Louis, MO). LB broth (tryptone, 10 g; yeast
extract, 5 g; NaCl, 10 g; dextrose, 1 g; double-distilled water [ddH2O], 1
liter) (51) and Bacto brain heart infusion (BHI) were used routinely.
When required, the media were supplemented with 1.5% agar or colistin
sulfate (Col) (12.5 �g/ml). Bacterial growth was monitored spectropho-
tometrically and/or by plating.

Bacterial inoculate preparation. Bacterial strains were grown over-
night standing, and then the cultures were diluted 1:20 in prewarmed BHI
broth and grown with mild aeration (180 rpm) at 28°C to an optical
density at 600 nm (OD600) of 0.8 to 0.9 (�108 CFU/ml). Bacteria were
sedimented for 10 min by centrifugation (7,000 rpm) at room tempera-
ture and resuspended in saline (NaCl, 0.85%) to appropriate densities for
inoculation.

Bile sensitivity. Sensitivity to bile was determined by the microplate
serial dilution assay. This assay was performed using flat-bottom 96-well
clear microtiter plates. Ox bile and sodium deoxycholate were serially
diluted in BHI broth and then inoculated with mid-log-phase cultures of
the E. ictaluri strains. The plates were incubated for 48 h at 28°C.

LPS purification and analysis. LPS extraction was performed by using
TRI reagent (Sigma) as described previously (52). The LPS profile was
evaluated by sodium dodecyl sulfate-polyacrylamide gel electrophoresis
(SDS-PAGE) and visualized by silver staining (53, 54). Protein contami-
nation was evaluated by SYPRO Ruby (Invitrogene) staining and UV
scanning visualization (Typhoon Trio multimode imager; GE Health-
care) compared to commercial LPS (Sigma).

OMP preparation and purification. Sarkosyl-insoluble outer mem-
brane proteins (OMPs) were obtained as previously described (55). The
outer membrane proteins were LPS detoxified and normalized to 25
�g/�l by using a Nanodrop ND-1000 spectrophotometer and separated
by 10% (wt/vol) SDS-PAGE for verification. Coomassie blue staining was
performed to visualize proteins. The residual LPS was removed from the
OMPs by Detoxi-Gel endotoxin columns (Thermo) and verified by LPS
profiles.

Rabbit surgery. The rabbits were fasted (but provided water ad lib)
overnight (maximum of 16 h) and then premedicated with 30 mg/kg of
body weight ketamine and 6 mg/kg xylazine intramuscularly (i.m.). Then,
while masked with isoflurane in oxygen to a surgical level of anesthesia (as
indicated by lack of toe pinch reflex, ear twitch reflexes, and stable heart
rate via pulse oximetry), the ventral surface of the neck was shaved and
disinfected by sequential washes with chlorhexidine and alcohol. A cut-
down tracheotomy was performed, and an endotracheal tube was placed
to ensure a patent airway throughout the procedure. At this point, mask
administration of isoflurane was discontinued, and further administra-
tion was delivered via the endotracheal tube. Additionally, an intravenous
catheter was placed in an ear vessel to deliver lactated Ringer’s solution.
The rabbits were monitored for depth of anesthesia using pulse oximetry

TABLE 1 Bacterial strains used in this study

Strain Relevant characteristic(s)
Source or
reference

S. Typhimurium �3761 Wild-type UK-1 91, 92

E. ictaluri
J100 Wild-type 2003/c, isolated from channel catfish (Ictalurus punctatus); pEI1	 pEI2	; API20E 40040057, 100%

E. ictaluri; smooth LPS; Colr Pmbr Pror; H2S
 and H2O2
	; ox bile and sodium deoxycholate resistance,

�60 mg/ml

93, 94

J124 �wibT90, J100 derivative; pEI1	 pEI2	; API20E 40040057, 100% E. ictaluri; rough LPS; Colr Pmbr Pror;
H2S
 and H2O2

	; ox bile and sodium deoxycholate resistance, �60 mg/ml
18

J126 �gne-31 J100 derivative; pEI1	 pEI2	; API20E 40040057, 100% E. ictaluri; rough LPS; Colr Pmbr Pror; H2S


and H2O2
	; ox bile and sodium deoxycholate resistance, �60 mg/ml

18

J135 �ugd-11 J100 derivative; pEI1	 pEI2	; API20E 40040057, 100% E. ictaluri; rough LPS; Cols Pmbs Pros; H2S


and H2O2
	; ox bile and sodium deoxycholate resistance, �60 mg/ml

18
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(heart rate and peripheral capillary oxygen saturation [SpO2]), ventilatory
rate, and the lack of a toe pinch reflex. Abdominal hair was removed along
the mid-ventral body wall, and the skin was disinfected using sequential
washes with chlorhexidine and alcohol. An approximately 10-cm midline
incision was made through the skin and body wall. The most distal region
of the ileum was isolated, and a 4- to 6-cm section was double ligated at
each end. Working proximally up the intestine, 6 more intestinal loops
were created, each 1 to 2 cm apart. Throughout the procedure, sterile
saline and moist gauze were used to keep the viscera and body walls moist.
After creation of all loops, 1.0 ml of LPS (100 �g), bacterial culture (about
107 CFU), or sterilized saline (NaCl, 0.85%) as a negative control was
injected into each loop. The body wall and skin were separately closed
using a simple continuous suture pattern. The rabbit was anesthetized for
6 h, while being continuously observed. After 6 h, the rabbit was eutha-
nized using an overdose of sodium pentobarbital (150 mg/kg) injected
intravenously. The intestinal loops were then removed, the length of each
segment was measured, and the intestinal fluid was extracted with the
volume-to-length (V:L) ratio in milliliters per centimeter for each loop
recorded. A piece of the intestinal tissue was fixed in 10% formalin and
subjected to histopathological study. Each slide was graded on the basis of
degree of mucosal disruption, cellularity, and vascular congestion.

Channel catfish surgery. Thirty-five outbred channel catfish that were
specific-pathogen free and with a mean weight of 2 kg � 10 g were used.
The animals were acclimatized for 1 week prior to surgery in 100-liter
tanks at 26 � 1°C. Each tank is equipped with a recirculating, biofiltered,
mechanically filtered, and UV water-treated system with a 12-h light cycle
per day. The fish were fed daily with commercial Aquamax (Purina Mills,
Inc., St. Louis, MO). The water quality was monitored for pH, NO2, and
NO3 with standard kits. Two days prior to surgery, the animals were
fastened. The fish were anesthetized with buffered tricaine methanesul-
fonate (pH 7.5) (56). Four anesthesia doses were used: a fish handling dose
(15 mg/liter, 25 to 26°C), a fish surgery dose (100 mg/liter, 20 to 22°C), a
recovery dose (30 mg/liter, 20 to 22°C), and a euthanasia dose (300 mg/
liter, 10 to 15°C). From the acclimatization tanks, the fish was moved to
the handling anesthesia dose for at least 20 min, and then the fish was
moved to the surgery platform in a supine position (Fig. 1) and connected
to the surgical anesthesia dose. The fish platform developed here is a
modified version of previously described fish surgery platforms (57, 58).
The body is partially submerged in water (the surgical site will remain
above the water line), and the recirculating water flows continuously
through the mouth and over the gills (Fig. 1A and B). This permitted the
fish to be in position for the surgery while effectively ventilating the fish.
Once the fish was fully anesthetized, its body wall was cut, and the coelo-
mic cavity was entered via blunt dissection (Fig. 1C). The lower small
intestine was isolated, and up to 6 sections of 3 cm each were prepared by

double ligation (Fig. 1D). One hundred micrograms of purified LPS in
500 �l of phosphate-buffered saline (PBS) or 500 �l of a 107-CFU/ml dose
of E. ictaluri strains was injected into each intestinal section (Fig. 1E). The
control consisted of loops inoculated with PBS, OMPs (100 �g), or pep-
tidoglycan from Staphylococcus aureus (100 �g; Sigma). After injection,
the body wall was sutured closed (Fig. 1F), and the fish was moved to a
bath containing a recovery anesthesia dose, where it remained for up to 6
h to allow time for the intestine to respond to the inoculate (Fig. 1G). After
this period, the fish was euthanized with a high concentration of buffered
tricaine (300 mg/liter) followed by the harvesting of vital organs as a
secondary method. The intestinal loops were then removed, the length of
each segment was measured, and the intestinal fluid extracted with the
volume-to-length (V:L) ratio in milliliters per centimeter for each loop
was recorded. A piece of the intestinal tissue was fixed in 10% formalin
and subjected to histopathological study. Each slide was graded on the
basis of degree of mucosal disruption, cellularity, and vascular congestion.

qRT-PCR. Gut samples were frozen in liquid nitrogen prior to grind-
ing. Total RNA was isolated using TRIzol LS reagent (Invitrogen) accord-
ing to the manufacturer’s instructions. Extracted RNA was quantified by
UV absorption using a NanoDrop ND-1000 spectrophotometer (Nano-
Drop Technologies). The RNA was stored at 
80°C before use in cDNA
synthesis. Double-stranded cDNA was synthesized using a SuperScript III
1st strand synthesis kit (Invitrogen) in a final volume of 20 �l containing
2 �g of total RNA, 50 ng of random hexamers, 1 �l (10 mM) deoxynucleo-
side triphosphate (dNTP), 2 �l (0.1 M) dithiothreitol (DTT), 2 �l 10
reverse transcription (RT) buffer, 4 �l (25 mM) MgCl2, 1 �l (40 U/�l)
RNase-out, and 1 �l (200 U/�l) SuperScript III reverse transcriptase and
incubated at 50°C for 50 min and at 85°C for 5 min to terminate the
reactions. One microliter of cDNA was subsequently used as the template
in quantitative real-time reverse transcription-PCR (qRT-PCR) using the
catfish-specific inflammatory cytokine primers listed in Table 2. RT-PCRs
were performed using the iQ SYBR green supermix (Bio-Rad) on the
Bio-Rad multicolor real-time PCR detection system with programmed
thermal cycling conditions consisting of 40 cycles of 95°C for 10 s, 60°C for
30 s, and 72°C for 30 s. Each sample was normalized to the equivalent of
the �-actin housekeeping gene. The relative expression of the target gene
was estimated from the threshold cycles (CT) according to the 2
��CT

method (59). Statistical analyses were performed using GraphPad Prism
version 6.00 for Windows (Graph-Pad Software). Statistical comparison
was performed using unpaired Student’s t test. The significance level of
the Student t test was set at P � 0.05.

Statistics. Analysis of variance (ANOVA) (SPSS Software) analysis
followed by the least significant difference (LSD) method was used to
evaluate differences in bacterial titers discerned to 95% confidence inter-
vals. P � 0.05 was considered statistically significant.

FIG 1 Fish intestinal loop surgery process. (A) Fish surgery platform. The arrows indicate the water flow. (B) Fish anesthesia application. (C) Incision in the catfish to
enter the coelomic cavity. (D) Catfish intestinal loops. (E) Injection of intestinal loop. (F) Suture of the incision. (G) Recovery bath (MS222, 30 mg/liter).
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RESULTS
E. ictaluri bile sensitivity. Bile is one of the main antibacterial
components of the intestinal fluids. Thus, we evaluate whether the
E. ictaluri LPS (Fig. 2) mutant strains are sensitive to ox bile and

sodium deoxycholate (Table 1). All of the strains used in this study
were highly resistant to bile, suggesting that the LPS does not play
role on bile resistance in E. ictaluri.

Rabbit intestinal ileal loops inoculated with purified LPS.
Salmonella enterica serovar Typhimurium LPS triggered signifi-
cant fluid secretion with the presence of blood (Fig. 3A), which
correlated with the intestinal inflammation and tissue damage
(Fig. 4). In contrast, E. ictaluri wild-type LPS triggered low fluid
secretion (Fig. 3A) and mild inflammation of the intestinal epi-
thelia without severe tissue damage (Fig. 4). E. ictaluri LPS mu-
tants, including the �wibT, �gne, and �ugd LPS, did not trigger
fluid secretion (Fig. 3A). E. ictaluri �wibT and �gne LPS triggered
mild epithelial damage (Fig. 4). In contrast, E. ictaluri �ugd LPS
did not cause tissue damage on the rabbit ligated loops (Fig. 4).
Loops injected with OMPs or peptidoglycan did not show any
differences compared to the control.

Catfish intestinal loops inoculated with LPS. All purified LPS
molecules from S. Typhimurium or E. ictaluri triggered similar and
significant levels of fluid secretion in the catfish gut (Fig. 3B). How-
ever, S. Typhimurium LPS did not cause evident tissue damage, in

TABLE 2 Primers used for qRT-PCR in this study

Gene
product

Primer

ReferenceOrientation Sequence

�-Actin Forward AGAGAGAAATTGTCCGTGACATC 62
Reverse CTCCGATCCAGACAGAGTATTTG

TNF-� Forward GGCCTCTACTTCGTCTAC 61
Reverse GCAGCAGCTTCTCGTCCAT

IL-1�a Forward CGGCAGATGTGACCTGCACA 60
Reverse CAGAGTAAAAGCCAGCAGAAG

IL-8 Forward CACCACGATGAAGGCTGCAACTC 62
Reverse TGTCCTTGGTTTCCTTCTGG

FIG 2 Phenotype of E. ictaluri O-PS mutants. (A) Map of E. ictaluri oligo-polysaccharide genes. (B) LPS profile of E. ictaluri O-PS mutants. (C to E) Complementation
of O-PS mutants. (F) Table of LPS glycosyl composition analysis. Wt, wild type; *M%, values expressed as mol% of total carbohydrate; N.D., not detected; Gal, galactose;
Glu, glucose; GalNAc, N-acetylgalactosamine; GlcNAc, N-acetylglucosamine; KDO, 2-keto-3-deoxyoctonic acid. Adapted from reference 20.
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contrast to E. ictaluri wild-type LPS, which caused massive tissue
damage and gut inflammation (Fig. 4 and 5). Purified LPS from the E.
ictaluri �wibT mutant caused notorious tissue damage, in contrast to
E. ictaluri �gne LPS, which did not cause tissue damage or significant
inflammation (Fig. 4 and 5). E. ictaluri �ugd LPS triggered a mild
inflammation with evident epithelial cell-cell junction disruption
(Fig. 4 and 5). Loops injected with OMPs or peptidoglycan did not
show differences with respect to the control. It has been established
that injection of the fish intracoelomic cavity with LPS or fish macro-
phages exposed to LPS does not generate an inflammatory immune
response (19). However, fish macrophages exposed to peptidoglycan
mount an inflammatory immune response (19). Catfish intestinal
loops injected with purified peptidoglycan (100 �g/dose) did not
show differences compared to the control (Fig. 6).

Catfish intestinal loops inoculated with E. ictaluri strains.
The E. ictaluri wild-type strain and S. Typhimurium triggered sig-

nificant fluid secretion, in contrast with the mock negative control
(Fig. 3C and 4). However, the E. ictaluri wild type caused extensive
tissue damage and inflammation, in contrast with S. Typhimu-
rium, which did not cause tissue damage or inflammation (Fig. 4
and 5). We noted that purified LPS from the E. ictaluri �gne and
�ugd mutants and S. Typhimurium stimulates goblet cells and
mucus secretion (Fig. 7). Both E. ictaluri and S. Typhimurium
were recovered from the intestinal fluids and tissue at similar lev-
els. The E. ictaluri wild type and S. Typhimurium were able to
grow in the intestinal milieu (Fig. 8A) and colonized intestinal
epithelial tissues (Fig. 8B).

The E. ictaluri �wibT mutant caused significant levels of fluid
secretion (Fig. 3C) and significant tissue damage, similar to the E.
ictaluri wild type (Fig. 4 and 5). We noted that E. ictaluri �gne and
�ugd mutants and S. Typhimurium stimulate goblet cells and
mucus secretion without causing tissue damage (Fig. 4, 5, and 7).

FIG 3 Catfish intestine loops and fluid secretion. (A) Rabbit loops 6 h postinoculation with 100 �g of LPS. (B) Catfish loops 6 h postinoculation with 100 �g of
LPS. (C) Catfish fluid secretion from the intestinal loops 6 h postinoculation with 107 CFU/ml of E. ictaluri. S. Typhimurium was used as a control (108 CFU/ml).
The number of animals per group is 3. The experiment was repeated 3 times independently. The total number of animals used per group was 9. The error bars
indicate the standard deviation. *, significant difference versus mock control (P � 0.05).

FIG 4 Comparative intestinal loop histology 6 h postinoculation with 100 �g of LPS or a 107-CFU dose of bacteria. Mock intestinal loops were injected with
saline (NaCl, 0.85%). The ileal loops were injected with 1 ml of the respective sample. These experiments were repeated 2 to 3 times independently. S. Tym,
Salmonella enterica serovar Typhimurium.
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E. ictaluri �wibT mutant titers increased 1 log fold in the intestinal
milieu (Fig. 8A), and the mutant strain colonized epithelial tissues
similar to the E. ictaluri wild-type strain (Fig. 8B). The E. ictaluri
�gne mutant generated significant low fluid secretion, causing a
mild inflammation with low tissue damage (Fig. 3C, 5, and 6). The
E. ictaluri �gne mutant grows in the intestinal fluids at similar
levels to the E. ictaluri wild type (Fig. 8A). However, the E. ictaluri
�gne mutant was recovered in higher numbers from the intestinal
epithelium than the E. ictaluri wild type (Fig. 8B). These results are
in concordance with the low tissue damage observed (Fig. 4 and 5)
where epithelial cells containing E. ictaluri are not in the intestinal

fluids like the loops infected with the E. ictaluri wild type and
�wibT mutant. Previous studies suggested that the E. ictaluri �gne
mutant is attenuated and immunoprotective when orally adminis-
tered to the fish, triggering a mild intestinal inflammation without
significant tissue damage (18). These results are coincident with our
results, suggesting that the �gne mutant is a good candidate for oral
live attenuated vaccine development. E. ictaluri �ugd mutant titers
recovered from the intestinal fluids and intestinal tissue were similar
to those of the E. ictaluri wild type (Fig. 8A and B).

Cytokine expression. Cytokines play a major role in inflam-
matory responses. Interleukins (IL) and tumor necrosis factors
(TNFs) are a large group of cytokines involved in innate immu-
nity. In catfish, only IL-1�a, IL-1�b, TNF-�, and IL-8 have been
identified (60–62). IL-1� plays a pivotal role in early proinflam-
matory cytokines that enable the fish to respond to infection and
enhance the immune response induced by vaccines (63). Also, it
has been reported that in salmonid species, IL-1� and TNF-� are
induced in the presence of LPS and Gram-negative bacteria (64,
65), triggering synthesis of IL-8 (66). However, these studies fo-
cused on internal tissues, like spleen, liver, and head kidney, and
few studies have focused on the fish gut. Recently, we found that
oral inoculation of catfish with E. ictaluri LPS O-PS mutants trig-
gers lower inflammatory symptoms, in contrast to the symptoms
in the wild-type-inoculated catfish (18), suggesting that LPS plays
a role in inflammation at the intestinal level in fish. Thus, here we
evaluated expression of IL-1�a, TNF-�, and IL-8 in the intestinal
tissues 6 h postinoculation. Under qRT-PCR settings, we detected
that the primers described for IL-1�b generate two bands— one
with the described molecular weight and other just with the same
sizes of �-actin amplification fragment. Therefore, IL-1�b was not
measured here. We found that the E. ictaluri wild type and �wibT
mutant downregulated IL-1�a, IL-8, and TNF-�, in contrast to
the �gne and �ugd mutants, which upregulated these cytokines
(Fig. 9A to C). S. Typhimurium slightly downregulated IL-�a in a
similar fashion to the E. ictaluri wild type, but with a significant

FIG 5 Histopathology scores. (A) Whole bacteria. (B) Purified LPS. (C) Combined score. (D) Scoring table.

FIG 6 Catfish intestinal loop histology 6 h postinoculation with peptidogly-
can. (A) Mock, periodic acid-Schiff (PAS) stained. (B) Pepetidoglycan, PAS
stained. (C) Mock, hematoxylin and eosin (HE) stained. (D) Peptidoglycan,
HE stained. (A and C) Mock intestinal loops were injected with 1 ml of saline
(NaCl, 0.85%). (B and D) Intestinal loops injected with 1 ml of peptidoglycan
(100 �g). These experiments were repeated 2 to 3 times independently.
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difference between the fish and nonfish bacterial pathogens (Fig.
9C). Although, TNF-� and IL-8 levels were slightly upregulated in
S. Typhimurium-inoculated loops, no significant differences were
observed, in contrast to the E. ictaluri wild type (Fig. 9B and C).
These results suggest that E. ictaluri wild type and �wibT mutant
have the ability to inhibit early innate immunity detection. Results
from the loops inoculated with the �gne and �ugd mutants indi-
cate that this inhibitory ability might be LPS mediated. Therefore,
catfish intestinal loops were injected with purified LPS. Similar
results, but with an �10-fold increase in �gne and �ugd LPS sam-
ples, were found in loops injected with purified LPS (Fig. 9D to F).
This suggests that E. ictaluri LPS plays an innate immunity inhib-
itory role during fish intestinal colonization. It also indicates that
E. ictaluri �gne and �ugd LPS molecules have intestinal immuno-
stimulatory activity in the fish gut, but determination of the struc-
ture of these molecules is required to better understand these in-
teractions. Although the significant fold differences between the
whole bacteria and the purified LPS are evident, the results under
both conditions have the same pattern. This might be due to the
fact that in the entire bacterium, the LPS is in the outer membrane,

not totally accessible to interaction with its putative receptor, in
contrast to the purified LPS.

DISCUSSION

In mammals, the lipid A portion of the LPS acts as a toxin by
overstimulating the TLR-4 innate immune signaling, which in-
duces pathogenic inflammatory responses. The LPS is recognized
by the serum circulating protein LBP (LPS-binding protein) (67),
which facilitates the transfer of LPS to the costimulatory molecule
CD14 (68) and then to myeloid differentiation protein 2 (MD2;
also called LY96) (69). MD2 is associated with the Toll-like recep-
tor 4 (TLR4) and specifically recognizes the endotoxic lipid A
molecule (70), triggering a downstream signaling that involves
several intracellular TIR domain-containing adaptors, like
MDy88 and TICAM (71, 72).

On the other hand, it is well established that fish and amphib-
ians are very resistant to the toxic effects of LPS (13). Several
reports suggest that fish do not respond to LPS because of the lack
of PLB, CD14, LY96, and TCAM2, essential components for the
TLR4 function (19). Until today, functional LBP, CD14, MD2,

FIG 7 Comparative intestinal loop histology 6 h postinoculation with 100 �g of LPS or a 107-CFU dose of bacteria. (A) Catfish loop, periodic acid-Schiff (PAS)
stained. S. Tym, Salmonella enterica serovar Typhimurium. (B) Number of goblet cells in a bacterium-injected loop. (C) Number of goblet cells in an LPS-injected
loop. Mock intestinal loops were injected with saline (NaCl, 0.85%). Catfish intestinal loops were injected with 1 ml of the respective LPS sample (100 �g). These
experiments were repeated 3 to 4 times independently. Each symbol represents a field. *, significant difference (P � 0.05).

FIG 8 E. ictaluri colonization ratio in intestinal loop histology 6 h postinoculation with a 107-CFU dose of bacteria. (A) Fluid colonization. S. Tym, Salmonella
enterica serovar Typhimurium. (B) Tissue colonization. *, significant difference versus wild type (P � 0.05). Each symbol represents an independent experiment.
A total of 9 animals were used. The error bars indicate the standard deviation.
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and TCAM2 molecules have not been described in fish. Indeed,
more evolutionarily advanced pufferfish lack a TLR4 ortholog (73,
74). Also, it is suggested that LBP, CD14, MD2, and TCAM2 have
recently arisen during vertebrate evolution, being limited only to
higher vertebrates (19, 75). This is supported by the extant litera-
ture indicating that fish are resistant to LPS toxicity (13, 18, 19,
76). It is evident that lower vertebrates interact with a much higher
bacterial load in their living environment than land vertebrates,
especially through the mucosal tissues. Perhaps due to the envi-
ronmental selective pressure imposed by the aquatic “bacterial
soup,” fish evolution did not favor high sensitivity to LPS.

However, several reports indicate that fish macrophages detect
and respond to high doses of LPS (14, 15, 18, 19, 75), but the
mechanisms of detention and response are unknown.

In the context of bacterial pathogenesis, recently we observed
that catfish orally infected with the E. ictaluri wild type presented
diarrhea-like symptoms, excreting mucoid feces with high E. icta-
luri titers (104 to 105 CFU/ml of feces) (18). In contrast, catfish
orally inoculated with the E. ictaluri �wibT, �gne, or �ugd mu-
tants (O-PS mutants) did not present diarrhea-like symptoms
(18). These results suggested that fish respond to LPS at the gut
level, influencing E. ictaluri infection. These observations
prompted us to investigate the role of E. ictaluri LPS during intes-
tinal inflammation by using the catfish intestinal loop model and
comparing it to the rabbit intestinal loop model and S. Typhimu-
rium LPS. Intestinal ligated loops have been used since the 1950s

to investigate intestinal interactions with bacterial pathogens
and their virulence factors. As mentioned previously, all of
these studies have been done with mammals, including mice,
rats, rabbits, and calves (21–23, 26). In contrast to mammals,
little is known about the fish intestinal interaction with the
bacterial pathogen LPS.

We observed that E. ictaluri LPS has effects on fish intestinal
inflammation, which depends on O-PS in fish but not in mam-
mals (Fig. 3, 4, and 5). For instance, we determined that purified E.
ictaluri wild-type LPS triggers a mild inflammation in rabbit li-
gated ileal loops, in contrast to S. Typhimurium LPS, which
caused massive tissue damage and inflammation (Fig. 4 and 5).
The opposite results were observed in catfish intestinal loops in-
oculated with purified E. ictaluri wild-type LPS. Catfish ligated
loops inoculated with S. Typhimurium LPS did not show signifi-
cant tissue damage and inflammation, in contrast with E. ictaluri
LPS, which caused evident inflammation and tissue damage (Fig.
4, 5, and 6). E. ictaluri �wibT LPS caused inflammation in both
rabbits and fish ligated loops, indicating that the E. ictaluri �wibT
LPS molecule is recognized by the innate immune systems of fish
and mammals. E. ictaluri �gne LPS triggered reduced epithelial
damage in rabbits, but no tissue damage was detected in intestinal
fish loops. Although the LPS profiles of the E. ictaluri �wibT and
�gne mutants are similar, their glycosyl compositions are different
(Fig. 2), suggesting that the structure of the O-PS is relevant to
bacterium-fish intestinal epithelial interaction and pathogenesis.

FIG 9 qRT-PCT of intestinal catfish cytokines induced by E. ictaluri LPS. (A to C) Intestinal response to E. ictaluri O-PS mutants. The intestinal loops were
inoculated with 107 CFU of each mutant. (D to F) Intestinal response to purified E. ictaluri LPS. The intestinal loops were inoculated with 100 �g of LPS from
each mutant. The experiment was repeated 2 times independently. The total of animals used per group was 6. The error bars indicate the standard deviation. *,
significant difference versus wild type.
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E. ictaluri �ugd LPS did not have effects on rabbit ligated loops,
but in fish, the LPS triggers a mild inflammation with an epithelial
cell-cell junction disruption (Fig. 4 and 5).

Immune stimulants represent a promising tool in aquaculture
for enhancing disease and stress resistance in cultured fish. It has
been shown that oral administration of LPS prevents disease in
fish (77, 78). However, the mechanisms of this oral immune stim-
ulation are unknown. Here we determined that purified LPS from
E. ictaluri �gne and �ugd mutants triggers synthesis of proinflam-
matory cytokines like IL-1�, IL-8, and TNF-�, in contrast to LPS
from the E. ictaluri wild type and �wibT mutant (Fig. 9).

IL-1� plays a pivotal role in early proinflammatory cytokines
that enable the organism to respond to infection. Also, IL-1� has
the potential to enhance the immune response induced by vac-
cines (63), and recombinant IL-1� has been use as an immuno-
stimulant for vaccines in sheep (79, 80), pigs (81), cattle (82), and
sea bass (83, 84). In teleosts, the administration of immunostimu-
lants, such as �-1,3-glucan and peptidoglycan, helps to prevent
infections through activation of phagocytes, such as neutrophils,
monocytes, and macrophages, suggesting that the activation of
innate immunity in teleost fish by immunostimulants is a useful
method of disease prevention that can replace the use of antibiot-
ics. Recent studies showed that orally administered LPS from Pan-
toea agglomerans has a preventive effect against infection in fish
such as yellowtail, carp, and ayu (77). Among the possible recep-
tors for LPS in fish, it has been suggested that �2-integrin could
play a role in LPS recognition (85, 86). The �2-integrins are one of
the most abundant receptors found in macrophages, and they
transmit intracellular activation signals through mitogen-acti-
vated protein (MAP) kinases and NF-�B (85, 86). The �2-integ-
rins recognize the hydrophilic carbohydrate moiety that is buried
in the outer bacterial membrane but not the hydrophobic lipid A
(87). Also, the concentrations of LPS required to activate �2-in-
tegrin-mediated activation of NF-�B are high (88, 89). We ob-
served that the response to LPS at the gut level is O-PS dependent
(Fig. 9), suggesting an interaction with �2-integrin receptors or
another carbohydrate receptor. This idea is supported by previous
observations in which fish intravenously injected with LPS and
fish macrophages inoculated with LPS respond in an O-PS-depen-
dent fashion (19). We observed that LPS derived from E. ictaluri
�gne and �ugd mutants form supramolecules or aggregates,
which seem to increase the interaction with fish macrophages
(19). This observation correlates with the increased stimulation of
IL-1, IL-8, and TNF-� synthesis in the intestinal loops inoculated
with �gne and �ugd LPSs, suggesting their potential utility as im-
munostimulants for fish.

Currently, there is a need for effective orally delivered vaccines
(90). Thus, studies about fish gut-bacterial interaction become
important to develop effective oral vaccines for aquaculture. Re-
cently, we determined that an E. ictaluri �gne strain conferred
immune protection to orally immunized fish (18). In contrast to
the rest of E. ictaluri LPS mutants study here, only the �gne mu-
tation confers immune protection to the orally immunized fish
(18). We observed that the E. ictaluri �gne mutant does not cause
tissue damage and fluid secretion, increasing its colonization and
interaction with lymphoid intestinal cells, positively influencing
the immune response to E. ictaluri. Perhaps, the immunostimula-
tory properties of E. ictauri �gne LPS, combined with the mutant’s
increased colonization of intestinal mucosa, lower capability to
survive in catfish macrohages, resistance to the antimicrobial pep-

tides, and motility (18), make the E. ictauri �gne mutant a good
candidate for use as a live attenuated vaccine for the catfish aqua-
culture industry.

Here we have developed a catfish intestinal loop model to study
the bacterial interaction with the fish intestinal epithelia. By using
this model, we determined that the responses to LPS at the intes-
tinal level could differ, depending on the LPS molecule and the
host. For instance, E. ictaluri LPS did not cause inflammation in
the rabbit; perhaps its lipid A has a different structure. The fish
intestinal loop model is a useful methodology to study pathogen-
esis and intestinal immunology, but it also could be applied to
evaluate feeding diets, probiotics, and therapeutic drugs.
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