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Abstract

Probiotic could be a promising alternative to antibiotics for the prevention of enteric infections; however, further
information on the dose effects is required. In this study, weanling piglets were orally administered low- or high-dose
Lactobacillus rhamnosus ACTT 7469 (1010 CFU/d or 1012 CFU/d) for 1 week before F4 (K88)-positive Escherichia coli
challenge. The compositions of faecal and gastrointestinal microbiota were recorded; gene expression in the intestines was
assessed by real-time PCR; serum tumour necrosis factor-a (TNF-a) concentrations and intestinal Toll-like receptor 4 (TLR4)
were detected by ELISA and immunohistochemistry, respectively. Unexpectedly, high-dose administration increased the
incidence of diarrhoea before F4+ETEC challenge, despite the fact that both doses ameliorated F4+ETEC-induced diarrhoea
with increased Lactobacillus and Bifidobacterium counts accompanied by reduced coliform shedding in faeces. Interestingly,
L. rhamnosus administration reduced Lactobacillus and Bifidobacterium counts in the colonic contents, and the high-dose
piglets also had lower Lactobacillius and Bacteroides counts in the ileal contents. An increase in the concentration of serum
TNF-a induced by F4+ETEC was observed, but the increase was delayed by L. rhamnosus. In piglets exposed to F4+ETEC,
jejunal TLR4 expression increased at the mRNA and protein levels, while jejunal interleukin (IL)-8 and ileal porcine b-
defensins 2 (pBD2) mRNA expression increased; however, these increases were attenuated by administration of L.
rhamnosus. Notably, expression of jejunal TLR2, ileal TLR9, Nod-like receptor NOD1 and TNF-a mRNA was upregulated in the
low-dose piglets after F4+ETEC challenge, but not in the high-dose piglets. These findings indicate that pretreatment with a
low dose of L. rhamnosus might be more effective than a high dose at ameliorating diarrhoea. There is a risk that high-dose
L. rhamnosus pretreatment may negate the preventative effects, thus decreasing the prophylactic benefits against potential
enteric pathogens. Our data suggest a safe threshold for preventative use of probiotics in clinical practice.
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Introduction

Postweaning diarrhoea (PWD) mainly occurs within the first

week after weaning and affects pigs across the globe, causing great

economic loss to the swine industry due to reduced growth

performance and considerable morbidity and mortality [1,2]. The

disease is largely caused by Enterotoxigenic Escherichia coli (ETEC),

which are characterized by colonization to the gut epithelium

through adhesion to specific receptors on the brush border

membrane. Following colonization, the excretion of heat-stable

enterotoxins, heat-labile enterotoxins, and E. coli enterotoxin 1

induces intestinal inflammatory responses and causes diarrhoea

[1,3]. The most prevalent ETEC strain implicated in PWD

expresses the F4 (K88)+ fimbriae [1,4]. The contribution of

nontherapeutical antibiotics to the development of antibiotic

resistance in both animal and human medicine leads the European

Union to terminate the use of antibiotic growth promoters in food

animals [5]. With a recent large outbreak of a novel multidrug-

resistant E. coli strain O104:H4 in Germany [6], the development

of alternatives to conventional antibiotics is urgently needed.

Probiotics are defined as ‘live microorganisms, which when

administered in adequate amounts confer a health benefit to the

host’; therefore, they represent a promising alternative to

antibiotics for controlling enteric infections. As a major compo-

nent of the gut microbiota, certain Lactobacillus species that

function as probiotics may protect the host against enteric

pathogens. Lactobacillus rhamnosus GG (LGG) appears efficacious

for preventing acute infectious diarrhoea in children [7], and

ETEC-induced diarrhoea in piglets [8]. In contrast, the negative

effect on health of F4+ETEC challenged pigs after supplementa-

tion with LGG has been reported [9]. Although several possible

mechanisms involved in the effects of L. rhamnosus have been

investigated, including competitive exclusion or inhibition of
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pathogens, enhancement of epithelial barrier function, and

modulation of both local and systemic host immune responses

[10], little is known regarding the action of probiotics on the

intestinal mucosa in vivo.

The mucosal immune system detects microorganisms by

discriminating between mutualism and pathogenicity using a

sophisticated system of receptors, including membrane-bound

Toll-like receptors (TLRs) and cytoplasmic Nod-like receptors

(NLRs). In general, signalling via TLRs or NLRs leads to the

production of pro-inflammatory cytokines, chemokines and

antimicrobial peptides, thereby contributing to host defense and

inflammation [11,12]. At mucosal sites, F4+ETEC adhere to

mucosa via specific F4 receptors, thereby activating TLR4- or

TLR5- mediated inflammatory responses upon recognition of LPS

or flagellin by epithelial cells [13,14]. In the case of probiotic

bacteria, in vitro studies have shown that the anti-inflammatory

function of L. rhamnosus, at least in part, is mediated by TLRs [15–

17]. Of the NLRs, NOD1 and NOD2 respond to the synthetic

peptidoglycan components meso-diaminopimelic acid and mur-

amyl dipeptide, respectively [18]. The expression of both of these

receptors can be enhanced by interaction with Lactobacilli and

TLR ligands in gut-associated lymphoid tissues (GALT) [19,20].

NOD1 and NOD2 are also involved in the recognition of

intestinal commensal bacteria, thereby contributing to gut

homeostasis [21,22]. However, the relationship between probio-

tics, TLRs and NLRs and their role in protecting the host gut

against enteric pathogens remains unknown.

The actions of probiotics are generally considered in a strain-

dependent and dose-dependent manner. So far, few dose-

comparison studies have been undertaken and definite recom-

mendations on appropriate probiotics dosing regimens are

unavailable [23]. It has been proposed that the beneficial effects

of probiotics on ameliorating acute infectious diarrhoea are

correlated with dose (greater for doses .1010–1011 colony-

forming unites (CFU)/d) [24]. Controversially, a previous study

on the treatment of infants with acute watery diarrhoea reported

that using L casei at a high dose (6 to 861011 CFU/d) failed to

show a positive effect [25], whereas a recent study found that

both doses of LGG (1010 and 1012 CFU/d, respectively) had the

efficacy in controlling acute watery diarrhoea [26]. The

mechanisms underlying dose effects of probiotics are unclear,

and it is unknown if increased doses (based on an effective dose

.1010 CFU/d) reduce the incidence of diarrhoea or otherwise

increase the risk of adverse immune stimulation.

Therefore, in this study, a low- and high-dose pretreatment of L.

rhamnosus ATCC 7469 (1010 and 1012 CFU/d, respectively) was

used to elucidate dose effects of L. rhamnosus on the gut microbiota

and mucosal immune responses in F4+ETEC challenged pig

models. Our findings suggest that pretreatment with a low dose of

L. rhamnosus is more effective at ameliorating F4+ETEC-induced

diarrhoea than is pretreatment with a high dose. Pretreatment

with high doses may negate the preventative effects of this

probiotic, thus limiting its effectiveness as a preventative in

F4+ETEC infection.

Results

Low-dose L. rhamnosus Consumption was More Effective
at Ameliorating F4+ETEC-induced Diarrhoea

Dose effects of L. rhamnosus on diarrhoea scores of piglets

following the challenge were monitored each day during the 2-

week experimental trial. Average daily gain and feed intake were

unaffected in the first 2 weeks following the challenge (data not

shown). Based on our observation, the administration of low-dose

L. rhamnosus achieved better clinical outcomes with a reduced

incidence of diarrhoea and lower diarrhoea scores, whereas high-

dose L. rhamnosus was associated with disturbance of the microbial

ecosystem, resulting in triggering of diarrhoea. Specifically, during

week 1 (prior to the F4+ETEC challenge), only one pig in the

control group (CONT) had experienced naturally acquired

diarrhoea by day 7; however, pigs in the high-dose probiotic

group (HDLE) had significantly higher diarrhoea scores

(P = 0.001) than did those in group CONT, due to the incidence

of severe diarrhoea (faecal scores $5) in HDLE pigs of 60% by

day 3. By comparison, there were no notable differences in

diarrhoea scores among groups ETEC (ETEC challenged pigs

without probiotic treatment), LDLE (low-dose probiotic group)

and CONT before the F4+ETEC challenge (Figure 1).

During week 2, following F4+ETEC challenge, 60% of ETEC

pigs exhibited severe diarrhoea from day 10 to day 14, whereas

only 10% of LDLE pigs and 40% of HDLE pigs had diarrhoea.

ETEC pigs had higher average diarrhoea scores (3.57) than did

CONT (2.14), LDLE (2.34) and HDLE (2.49) pigs. At day 14,

diarrhoea scores were significantly higher in ETEC than either in

LDLE (P,0.001) or in HDLE (P = 0.001) pigs.

Lactobacillus rhamnosus Consumption Shaped the
Composition of Faecal Microbiota During F4+ETEC
Infection

To validate whether ingested exogenous probiotics were able to

colonize intestines and exert protective activity through compet-

itive exclusion of F4+ETEC invasion, we monitored faecal

microbial populations every two days. Both doses of L. rhamnosus

reduced faecal coliform shedding and expanded commensal

bacterial populations. At day 3, prior to F4+ETEC challenge,

pigs pretreated with L. rhamnosus (group LDLE or HDLE) had a

lower coliform shedding (P = 0.018 or P = 0.003, respectively) than

did CONT pigs (Figure 2A). In contrast, faecal Lactobacillus and

Bifidobacterium counts were notably higher in LDLE and HDLE

than in CONT at day 7 (Figures 2B and 2C).

Following F4+ETEC challenge at day 9, faecal coliform counts

were higher in ETEC than either in CONT (P = 0.009) or in

LDLE (P = 0.032). In contrast, faecal Lactobacillus counts remained

significantly higher in LDLE and HDLE than either in CONT or

in ETEC. Similarly, faecal Bifidobacterium counts were higher

(P = 0.019) in HDLE than in CONT. The faecal Enterococcus and

Bacteroides populations were unaffected by L. rhamnosus administra-

tion with or without F4+ETEC challenge (Figures 2D and 2E).

Lactobacillus rhamnosus Consumption Shaped the
Composition of Intestinal Microbiota During F4+ETEC
Infection

To test whether pretreatment with L. rhamnosus was able to

balance the microbial ecosystem when encountering F4+ETEC,

the microorganisms and pH values in the contents of the stomach,

jejunum, ileum, caecum and colon were measured immediately

after animals were sacrificed (at day 15). Unlike shedding of faecal

microbes, pigs in LDLE or HDLE had lower Lactobacillus and

Bifidobacterium counts in the colonic contents than did those in

CONT or ETEC. Similarly, Lactobacillus and Bifidobacterium counts

in the caecum were lower in LDLE or HDLE than in ETEC

(Figures 3B and 3C). There were no significant differences in the

number of coliforms, Enterococci or Bacteroides in the contents of the

large intestine among the different groups (Figures 3A, 3D and

3E). Notably, L. rhamnosus administration with or without

F4+ETEC challenge had no effect on the populations of tested

microorganisms in the contents of the stomach and jejunum. In
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the ileal contents, pigs in HDLE but not in LDLE had lower

Lactobacillus and Bacteroides counts than did those in CONT or

ETEC. The pH values of the contents of the stomach, jejunum,

ileum, caecum and colon did not differ among the four groups at

day 15 (data not shown).

The F4+ETEC-induced Increase in the Concentration of
Serum TNF-a was Delayed by L. rhamnosus Consumption

Tumour necrosis factor-a (TNF-a) serves as a marker of

inflammation. To test whether L. rhamnosus can attenuate host

systemic inflammatory responses induced by F4+ETEC, serum

concentrations of TNF-a were measured immediately after

F4+ETEC challenge (Figure 4). At 0 h before F4+ETEC challenge,

the TNF-a concentration was higher in LDLE pigs (99.767.8 vs.

51.366.1 pg/ml, P = 0.035) than in CONT pigs. At 6 h after

F4+ETEC challenge, a marked elevation (109.1624.3 vs.

47.367.8 pg/ml, P,0.001) of TNF-a concentration was observed

in ETEC pigs compared to CONT pigs, whereas pigs pretreated

with L. rhamnosus had attenuated F4+ETEC-induced acute

inflammatory responses with only a moderate increase in serum

TNF-a concentrations in either LDLE or HDLE pigs (77.564.2

or 76.7614.2 pg/ml). At 12 h after F4+ETEC challenge, TNF-a
concentrations in ETEC pigs decreased to a level similar to

CONT pigs, whereas the concentrations of TNF-a remained

higher (80.968.4 or 70.867.1 vs. 32.966.7 pg/ml, P = 0.002 or

P = 0.008, respectively) in LDLE and HDLE pigs compared to

CONT pigs. Our results indicate that the concentration of serum

TNF-a increases during F4+ETEC infection, and that adminis-

tration of L. rhamnosus delays this increase.

Pretreatment with Low- or High-dose L. rhamnosus had
Distinct Immunomodulatory Effects on the Small
Intestine After Exposure to F4+ETEC

To understand the interaction between porcine intestinal

mucosa immunity and the dose effects of L. rhamnosus in preventing

enteric infections, we quantified the expression of mRNA for

selected genes encoding TLRs, NODs, pro-inflammatory cyto-

kines and chemokines as well as antimicrobial peptides in both

jejunal and ileal tissues (Figure 5).

TLRs and NODs are thought to be important in the

communication between the gut and the encountered microbes,

as both of these receptors play a key role in the genesis and

modulation of the inflammatory response. Among TLRs, TLR2,

4, 5 and 9 are involved in detecting bacterial ligands. As expected,

the expression of TLR4 mRNA in the jejunum increased

significantly (P = 0.021) in ETEC pigs compared to CONT pigs,

whereas the effect was not reproduced by pigs pretreated with L.

rhamnosus following F4+ETEC challenge (Figure 5B). Conversely, a

marked increase in jejunal TLR2 (P = 0.008) and ileal TLR9

(P = 0.015) mRNA expression was detected in LDLE pigs

compared to CONT pigs, and the expression of jejunal TLR2

mRNA was higher (P = 0.016) in LDLE pigs than in ETEC pigs

(Figure 5A and Figure 5D). By comparison, both TLR2 and TLR9

mRNA expressions were not differentially regulated in pigs

pretreated with high-dose L. rhamnosus. No changes in TLR5

mRNA expression were observed in any of the intestinal tissues

analysed (Figure 5C).

After F4+ETEC challenge, NOD1 mRNA expression increased

(P,0.001) in ileal tissues from pigs pretreated with low- but not

with high-dose L. rhamnosus compared to those from CONT pigs,

and the expression of NOD1 mRNA was also higher (P = 0.019) in

LDLE pigs than in ETEC pigs (Figure 5E). There were no

significant differences in NOD2 mRNA expression in the intestinal

tissues among the four treatment groups (Figure 5F).

We next compared the expression profile of a generalized or

preparative immune/inflammatory response 1 week after

F4+ETEC challenge in pigs pretreated with low- and high-dose

L. rhamnosus. Although increased serum TNF-a concentrations

were found during early stages of F4+ETEC infection (6 h after

challenge), no significant differences in jejunal TNF-a mRNA

expression were observed in ETEC pigs compared to CONT

Figure 1. Dose effects of L. rhamnosus on diarrhoea scores of piglets following F4+ETEC challenge. Piglets received sterile physiological
saline orally (CONT); received sterile physiological saline orally followed by F4+ETEC challenge (ETEC); were pretreated with low-dose 109 CFU/ml L.
rhamnosus solution for 1 week followed by F4+ETEC challenge (LDLE); or were pretreated with high-dose 1011 CFU/ml L. rhamnosus solution for 1
week followed by F4+ETEC challenge (HDLE). Data are presented as means 6 SEM (n = 5 per group). Within the same time, mean values with different
superscript letters (a, b) are significantly different (P,0.05).
doi:10.1371/journal.pone.0040666.g001
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pigs (7 days after challenge) (Figure 5H). Instead, the expression

of TNF-a was upregulated (P = 0.043) in the ileal tissues from

pigs pretreated with low- but not with high-dose L. rhamnosus

compared to those from CONT pigs.

Interleukin (IL)-8 acts as a strong neutrophil chemotactic factor.

Exposure of pigs to F4+ETEC without L. rhamnosus administration

resulted in a significant increase (P,0.001) in the expression of IL-

8 mRNA in jejunal tissues compared to the unchallenged control,

whereas IL-8 mRNA expression in pigs pretreated with L.

rhamnosus (group LDLE or HDLE) was lower (P = 0.005 and

P,0.001, respectively) than in pigs challenged with F4+ETEC

only (Figure 5G).

Porcine b-defensins 2 (pBD-2) has broad antibiotic spectrum

against pathogenic microbes. Similar to IL-8, the expression of

Figure 2. Lactobacillus rhamnosus consumption shaped the composition of faecal microbiota during F4+ETEC infection. (A) Coliforms,
(B) Lactobacilli, (C) Bifidobateria, (D) Enterococci and (E) Bacteroides. Fresh faecal samples from all the piglets were collected at days 1, 3, 5, 7, 9, 11 and
13 after weaning. Results are presented as log10 CFU/g faeces, and all counts were performed in triplicate. Data are presented as means 6 SEM (n = 5
per group). Within the same time, mean values with different superscript letters (a, b) are significantly different (P,0.05).
doi:10.1371/journal.pone.0040666.g002

The Gut Microbiota and Immune Responses of Piglets
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pBD-2 mRNA in ileal tissue was markedly upregulated (P = 0.003,

P = 0.033 and P = 0.001, respectively) in ETEC pigs compared to

CONT, LDLH or HDLH pigs (Figure 5I).

F4+ETEC Infection Increased TLR4 Protein Expression in
the Jejunal Mucosa

Since jejunal rather than ileal TLR4 mRNA expression was

increased significantly in ETEC compared to CONT, we next

sought to detect localization of TLR4 in the jejunal mucosa of pigs

from both CONT and ETEC. Immunohistochemistry analysis of

jejunal sections in CONT pigs revealed that TLR4 was primarily

localized in the superficial epithelium limited to the tips of the villi

and in the mesenchymal cells of the lamina propria, with scattered

positive staining (Figure 6A), whereas ETEC pigs had increased

apical cytoplasmic TLR4 protein expression in the epithelial cells

of the villi and the crypts, and mesenchymal cells of the lamina

propria (Figure 6B).

Figure 3. Lactobacillus rhamnosus consumption shaped the composition of intestinal microbiota during F4+ETEC infection. (A)
Coliforms, (B) Lactobacilli, (C) Bifidobateria, (D) Enterococci and (E) Bacteroides. The contents from the stomach, mid-jejunum, distal ileum, caecum and
mid-colon were collected at day 15 after weaning (1 week after F4+ETEC challenge) for microbial cultures. Results are presented as log10 CFU/g
contents, and all counts were performed in triplicate. Data are presented as means 6 SEM (n = 5 per group). *P,0.05; **P,0.01.
doi:10.1371/journal.pone.0040666.g003
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Discussion

Although the role of probiotics as prophylactic or therapeutic

agents in diarrhoea has been extensively studied, less information

is available regarding the optimum dosing regimens for probiotics.

A commonly held assumption is that higher doses of probiotics

given for short courses are more effective than lower doses at

ameliorating acute infectious diarrhoea; however, the dose effects

of probiotics on ameliorating acute infectious diarrhoea remain

controversial [25,26]. Currently, there are few data concerning the

effects of probiotics on piglet health. Weanling piglets are

considered to be an ideal monogastric model for studying human

gastrointestinal diseases such as diarrhoea caused by ETEC and

for evaluating the efficacy of various probiotic strains [27].

Accordingly, the dose effects of probiotics on preventing

F4+ETEC-induced diarrhoea in weanling pigs is currently being

explored.

It has been proposed that probiotics modulate and stabilize the

gut microbiota through competitive exclusion and enhance

colonization resistance against enteric pathogens. Consistent with

the results of previous studies [8,28], the present results showed

that pretreatment of piglets with L. rhamnosus (both low- and high-

dose) ameliorates F4+ETEC-induced diarrhoea as indicated by

increases in the number of Lactobacilli and Bifidobacteria accompa-

nied by a reduction in coliform shedding in faeces. Indeed, an in

vitro study found that E. coli adhesion to porcine intestinal mucosa

could be inhibited by LGG [29]. The stress of weaning is often

associated with a decreased number of Lactobacilli combined with

an increased number of E. coli in the gastrointestinal tract [30].

Such shifts in the host microbial ecosystem facilitate pathogen

overgrowth and subsequently trigger the occurrence of infectious

diseases [31]. Treatment with specific Lactobacillus strains may

restore the homeostasis of an impaired microbial ecosystem and

confer resistance to ETEC infection in weanling piglets.

Unexpectedly, the number of Lactobacilli and Bifidobacteria in the

colonic contents was decreased at day 15 in piglets pretreated with

either low- or high-dose L. rhamnosus. Moreover, decreases in the

number of Lactobacilli and Bacteroides were also observed in the ileal

contents of piglets pretreated with a high dose of L. rhamnosus;

however, the mechanism behind this phenomenon is unknown.

Our findings indicate that increasing the expression of jejunal

TLR2 with a stimulation of commensal bacteria may in turn

increase mucosal sensitivity to commensal gram-positive bacteria,

such as Lactobacilli and Bifidobacteria. Alternatively, supplementation

of exogenous commensal strains may lead to a decrease in the

number of closely related autochthonous strains, due in part to

immune cross-reactivity and competition for limited niches or

nutrition. As shown in a previous study [32], strain-specific

recognition of different Lactobacillus species is partially related to

immune cross-reactivity, which leads to a reduction in the total

Lactobacillus count in the intestinal contents. It is interesting to note

that probiotic consumption also affected Gram-negative Bacteroides.

In addition to competitive exclusion or immunomodulation of host

defenses, other yet-unknown bacterial properties may also be

involved in the reduction in the number of intestinal microorgan-

isms following L. rhamnosus consumption. Further studies are

needed to specifically confirm the presence of the probiotic strain

L. rhamnosus in faeces or gut contents and to elucidate the

underlying mechanisms, particularly when different doses are

used.

Notably, high-dose L. rhamnosus (1012 CFU/d) administration

resulted in an increased incidence of diarrhoea before F4+ETEC

challenge. Similarly, a recent trial of piglets challenged with

F4+ETEC showed that dietary addition of LGG (1010 CFU/d) fail

to prevent F4+ETEC infection, possibly due to the greater degree

of stress caused by the challenge [9]. In fact, it has been reported

that high-dose (1010 CFU/L) but not low-dose LGG has pro-

inflammatory properties in Caco-2 cells by markedly increasing

IL-8 production, which helps to understand side effects of high-

dose LGG [33]. An imbalance between potentially pathogenic

commensal bacteria and potentially beneficial commensal bacteria

in the microbiota might play a role in pathogenesis [34]. It could

thus be hypothesized that excessive probiotic challenge may

disturb the balance of gastrointestinal microbial ecosystem and

cause inflammatory responses, thus leading to the development of

diarrhoea.

In this study, jejunal TLR4 expression at the mRNA and protein

levels, and jejunal IL-8 mRNA expression were significantly

elevated in piglets exposed to F4+ETEC. Moreover, increased

intestinal TLR4 and IL-8 mRNA expression was attenuated by

pretreatment with L. rhamnosus. Similarly, previous in vitro studies

have shown that LGG or L. jensenii suppress E. coli-induced

Figure 4. The F4+ETEC-induced increase in the concentration of serum TNF-a was delayed by L. rhamnosus consumption. Serum TNF-a
concentrations were measured by ELISA at 0, 6, 12, 24 and 144 h after F4+ETEC challenge. Data are presented as means 6 SEM (n = 5 per group).
Within the same time, mean values with different superscript letters (a, b, c) are significantly different (P,0.05).
doi:10.1371/journal.pone.0040666.g004
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chemokine IL-8 expression by modulating negative signalling

regulators [16,35]. Furthermore, live L. casei counteracts the pro-

inflammatory effects of E. coli on mucosa inflamed by Crohn’s

disease via downregulation of IL-8 [36]. Our findings indicate that L.

rhamnosus attenuates F4+ETEC-induced IL-8 expression in the

intestine.

The intestinal microbiota promotes host health in part via the

activation of host TLRs [37]. Among which, TLR2 recognizes

lipoteichoic acid (LTA), lipoproteins, and peptidoglycans (PGN)

from Gram-positive bacteria by forming a heterodimer with either

TLR1 or TLR6, and TLR9 is a receptor for CpG DNA in

bacterial genomes [11,12]. Interestingly, in low- but not in high-

dose L. rhamnosus pretreated animals, jejunal TLR2, ileal TLR9

and NOD1 mRNA expression increased after F4+ETEC chal-

lenge. Our findings were consistent with other studies showing that

certain Lactobacillus strains may exert anti-inflammatory effects via

TLR2 or TLR9 activation [17,38]. More recently, an in vitro study

using mouse enterocytes found that LPS-mediated TLR4 signal-

ling could be inhibited by activation of TLR9 with bacterial DNA

via the inhibitory kinase IRAK-M [39]. Further studies are needed

to clarify the mechanisms of the effectors triggered by TLRs

involved in regulating the anti-inflammatory response.

Nod-like receptors are the cytoplasmic counterparts of TLRs,

which in combination with TLRs constitute a cellular defense both

at the plasma membrane and within the cell [40]. Nod-like

receptor NOD1 in Caco-2 cells could prevent IkB kinase and NF-

kB activation in response to enteroinvasive E. coli infection,

whereas NOD2 is likely not important in signalling the onset of

NF-kB activation [41]. In spite of NOD ligands themselves being

poor triggers for cytokine responses, there is evidence that NOD1

and NOD2 act in synergy with TLRs to induce maximal innate

immune responses to invading bacteria [42,43]. The present study

showed that the induction of ileal NOD1 is accompanied by

upregulation of TLR2 and TLR9 expression in the pigs pretreated

with low-dose L. rhamnosus, suggesting that the anti-inflammatory

effect of L. rhamnosus may be a result of synergistic responses of

TLR2, TLR9 and NOD1.

Figure 5. Low- or high-dose L. rhamnosus had distinct immunomodulatory effects on the intestines after F4+ETEC challenge. The
expression of mRNA for genes encoding (A-D) TLR2, 4, 5 and 9, (E, F) NOD1 and NOD2, (G) IL-8, (H) TNF-a and (I) pBD-2 in both jejunum and ileum
tissues collected at day 15 after weaning (1 week after F4+ETEC challenge) was analysed by quantitative real-time PCR. Data are presented as means
6 SEM (n = 5 per group). *P,0.05; ** P,0.01; *** P,0.001.
doi:10.1371/journal.pone.0040666.g005
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TNF-a has remarkable functional duality and is strongly

engaged both in tissue regeneration and destruction. During the

inflammatory process, TNF-a is a vital pro-inflammatory medi-

ator. Nevertheless, TNF-a is also protective of various cell types, in

particular for the epithelium [44–46]. We showed that production

of TNF-a increases during F4+ETEC infection, and that

administration of L. rhamnosus delays this increase in TNF-a
production. In addition, we observed an increase in ileal TNF-a
mRNA expression at day 7 after F4+ETEC challenge in pigs

pretreated with a low-dose L. rhamnosus. Consistent with the results

of our previous study, the present data suggest that L. rhamnosus-

induced TNF-a production may enhance innate immune defense

against F4+ETEC [8]. Furthermore, the delayed increase in the

production of F4+ETEC-induced TNF-a following L. rhamnosus

administration may slow the progression of the F4+ETEC

infection. A previous study involving mouse splenic mononuclear

cells has shown that LTAs from Lactobacilli elicit pro-inflammatory

activities by inducing TNF-a secretion through TLR2 signalling

[47]. Taken together with the results presented here, we speculate

that the regulation of TNF-a is perhaps closely associated with

TLR2, TLR9 or NOD1 activation. Besides, the stimulation of

other anti-inflammatory pathways, including the production of IL-

10 and TGF-b may also be involved.

Defensins are key effector molecules of innate immunity that

protect the host from infectious microbes and shape the

composition of microbiota at mucosal surfaces [48], whereas high

levels of defensins would prompt the host to develop an

overwhelming inflammatory response, leading to complications

[49]. Human b-defensin 2 in the intestinal epithelial cells is

induced by peptidoglycan or LPS, through TLR2 or TLR4

signalling specifically [50]. Porcine b-defensin 2 (pBD-2) is

produced in the intestine and displays broad antimicrobial activity

against pathogenic intestinal bacteria [51]. Nevertheless, the

change in pBD-2 mRNA expression in the intestine after Salmonella

typhimurium infection varies among studies. One study detected an

upregulation of pBD-2 in the ileum [52], whereas another study

reported no change in pBD-2 expression in the proximal part of

the ileum [53]. A more recent study detected no change in ileal

pBD-2 expression (24 h after challenge) in pigs challenged with

F4+ETEC [54]. The present data indicate that piglets pretreated

with L. rhamnosus do not have further increases in ileal pBD-2

mRNA expression at day 7 after F4+ETEC infection, and that the

F4+ETEC-induced increase in ileal pBD-2 expression seems to be

attenuated by pretreatment of pigs with L. rhamnosus during ETEC

infection.

The dose-dependent action of probiotics was also reflected by

the gene expression profiles in our study. We found that piglets

pretreated with high-dose L. rhamnosus had stronger downregula-

tion of F4+ETEC-induced jejunal TLR4, IL-8 and ileal pBD-2

mRNA expression compared to those pretreated with low-dose,

and that piglets pretreated with high-dose L. rhamnosus failed to

upregulate TLR2, TLR9, NOD1 and TNF-a mRNA expression.

Indeed, the inhibition of ETEC adherence to Caco-2 cells by

Lactobacillus strains is dose-dependent [55,56]. The mechanism of

ETEC pathogenesis as it pertains to ETEC excretion, ETEC-

specific IgA and TLR expression needs to be addressed in further

studies. In the present study, one of the possible explanations for

the discrepancy between the effects of the low- and high-dose

administration might be that exposure to a larger primary L.

rhamnosus challenge may induce hyporesponsiveness to the

secondary F4+ETEC challenge. Previous studies have reported

that increasing the primary stimulus induced a hyporesponsiveness

toward a second stimulus [57]. Interestingly, one study reported

that ingestion of L. rhamnosus (561010 CFU/d) by both healthy

volunteers and patients with Crohn’s disease for 2 weeks induced

T cell hyporesponsiveness and this was proposed as an explanation

for the observed therapeutical effects of probiotics in clinical

disease [58]. Therefore, large doses of probiotics ($1012 CFU/d)

may have side effects on ameliorating infectious diarrhoea.

In conclusion, our data indicate that administration of L.

rhamnosus shapes the composition of the gut microbiota, attenuates

acute inflammatory responses induced by F4+ETEC, and slows

Figure 6. Immunohistochemical localization of TLR4 in jejunal tissues collected from piglets with or without F4+ETEC challenge. (A)
Representative microphotographs of DAB-stained jejunum sections from one piglet that received sterile physiological saline orally at day 15 after
weaning. TLR4 was localized in the superficial epithelium limited to the tips of the villi and in the mesenchymal cells within the lamina propria, with
scattered positive staining. (B) Representative microphotographs of DAB-stained jejunum sections from one infected piglet at day 7 after F4+ETEC
challenge (at day 15 after weaning). Increased TLR4 expression was observed in the epithelial cells of both the villi and the crypts and the
mesenchymal cells of the lamina propria. Scale bars, 100 mm, 25 mm.
doi:10.1371/journal.pone.0040666.g006
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the progression of acute infectious diarrhoea, thus ameliorating

F4+ETEC-induced diarrhoea in piglets. Of note, the results of our

study contradict the assumption that the beneficial effects of

probiotics in preventing infectious diarrhoea accumulate with

increasing dose. Instead, we found that pretreatment with a low

dose of L. rhamnosus might be more effective at ameliorating

diarrhoea than pretreatment with a high dose. High doses of

certain probiotics may negate the preventative effects, at least in

part by disturbing the established microbial ecosystem and by

interfering with mucosal immune responses against potential

enteric pathogens. These data could provide an important

contribution to the development of an optimal dosing regimen

for preventing acute infectious diarrhoea.

Materials and Methods

Ethics Statement
All animals were treated in strict according to the guidelines for

the Laboratory Animal Use and Care from Chinese Center for

Disease Control and Prevention and the Rules for the Medical

Laboratory Animal (1998) from Ministry of Health, China, under

the protocol (CAU-AEC-2011-056) approved by the Animal

Ethics Committee of the China Agricultural University. All

surgery was performed under sodium pentobarbital anesthesia,

and every effort was made to minimize suffering.

Animals
Twenty crossbred (Landrace 6Large White) piglets weaned at

21 days of age and weighing 5.260.2 kg were obtained from a

commercial farm in Beijing. At weaning, pigs were transported to

the animal experimental facility of the College of Veterinary

Medicine, China Agricultural University. The animals were

individually housed in wire-mesh pens, each of which was

equipped with a single feeder and a nipple drinker, and fed with

a standard weaner diet containing 22.3% crude protein and

14.0 MJ/kg dietary energy. Feed and water were provided

ad libitum. None of the diets contained antibiotics and no drug

was administered throughout the trial. Prior to the start of the trial,

no clinical signs of diarrhoea or other diseases were observed in

any of the piglets. The pigs were weighed before the start of the

trial (day 0), at day 8 (pre-challenge) and at day 15 (when

slaughtered). The individual feed intake of each pig was recorded.

Bacterial Strains
Lactobacillus rhamnosus 1.120 ( = ATCC 7469) purchased from

the Chinese General Micro-organism Culture Collection was

grown in De Man, Rogosa and Sharpe (MRS) broth (Oxoid,

Hampshire, United Kingdom) for 24 h at 37uC under microaero-

philic conditions and subsequently harvested by centrifugation at

20006g for 5 min at 4uC, then washed 3 times with sterile

physiological saline and resuspended in saline. Two doses of L.

rhamnosus containing approximately either 16109 CFU/ml or

161011 CFU/ml were prepared.

Escherichia coli F4-producing strain (O149:K91, K88ac) obtained

from the China Veterinary Culture Collection Center was grown

in Luria-Bertani (LB) medium (Oxoid, Basingstoke, England).

After overnight incubation at 37uC with shaking, bacteria were

diluted 1:100 in fresh LB. Following incubation, the bacterial cells

were harvested by centrifugation at 30006g for 10 min at 4uC,

washed in sterile physiological saline and resuspended in saline. An

inoculum of F4+ETEC containing approximately 16109 CFU/ml

was prepared.

Experimental Design
On the day of weaning (day 0), pigs were assigned to 4 groups

(n = 5 per group), with littermates and mean initial body weights

distributed evenly among the groups. The following four groups

were: 1) CONT, pigs orally administered with sterile physiological

saline; 2) ETEC, pigs orally administered with sterile physiological

saline and orally challenged with ETEC culture; 3) LDLE, pigs

orally administered with low-dose L. rhamnosus and orally

challenged with ETEC culture; and 4) HDLE, pigs orally

administered with high-dose L. rhamnosus and orally challenged

with ETEC culture.

At 9:00 every day for the first week (from day 1 to day 7), pigs in

groups CONT and ETEC were orally administered 10 ml of

sterile physiological saline, whereas pigs in groups LDLE and

HDLE were orally administered an equal volume of low-dose L.

rhamnosus solution (109 CFU/ml, 10 ml/day) or high-dose L.

rhamnosus solution (1011 CFU/ml, 10 ml/day), respectively. At

9:00 on day 8, pigs in groups ETEC, LDLE and HDLE were

orally administered 10 ml of ETEC culture (109 CFU/ml) to

induce diarrhoea as described, whereas pigs in group CONT

received the same amount of sterile physiological saline.

Health status of each animal was closely monitored throughout

the experiment, with special attention to faecal consistency.

Severity of diarrhoea was scored according to the following

criteria [59]: 1, hard and formed pellets; 2, nonformed pellets; 3,

soft faeces; 4, very soft and containing a small amount of water-like

faeces; 5, semisolid containing more than half water-like faeces; 6,

water-like faeces. Piglets were considered to have severe diarrhoea

when the score was 5 or 6. Fresh faecal samples from all animals

were collected at days 1, 3, 5, 7, 9, 11 and 13 for microbial

cultures.

Blood samples were collected just before F4+ETEC challenge

(0 h) and at 6, 12, 24, and 144 h after challenge. At 9:00 on day 15

(1 week after F4+ETEC challenge), intestinal samples were

collected immediately after euthanasia. For mRNA studies, middle

jejunum and ileum segments collected from each pig were

immediately frozen in liquid nitrogen and stored at 280uC. For

immunostaining studies, proximal jejunum segments were rinsed

immediately after being opened, segmentally divided and

immersed in 4% paraformaldehyde. The contents from the

stomach, mid-jejunum, distal ileum, caecum and mid-colon were

sampled for pH measurement and microbial cultures.

Bacterial Enumeration
Each fresh faecal sample or gastrointestinal content (1 g) was

homogenized in 9 ml sterile saline solution, and suitable dilutions

of the homogenates were then plated onto selective medium. The

groups of faecal and gastrointestinal microbes studied and the

selective mediums (Beijing Land Bridge Technology Co., China)

employed were as follows: 1) Coliforms, Eosin-Methylene Blue

(EMB) agar; 2) Lactobacilli, MRS agar; 3) Bifidobateria, Tryptone-

phytone Yeast (TPY) agar; 4) Enterococci, Pfizer agar; 5) Bacteroides,

Biotin vitamers D-biotin-d-sulfoxide (BDS) Medium. The plates

for EMB agar and Pfizer agar were incubated for 24 h at 37uC
under aerobic conditions, whereas MRS agar, TPY agar and BDS

plates were incubated under anaerobic conditions for 48 h at

37uC. Results were presented as log10 CFU/g faeces or contents,

and all counts were performed in triplicate.

ELISA
Serum TNF-aconcentrations were determined by means of

commercially available porcine TNF-a ELISA kit (R&D Systems,

Minneapolis, MN). The dynamic range of the TNF-a assay was

23.4 to 1500 pg/ml. The minimum detectable dose was 3.7 pg/
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ml. The intra-assay and the inter-assay coefficient of variations

were ,4.2% and ,6.5%, respectively.

Isolation of Total RNA and Reverse Transcription
Total RNA was extracted from the jejunal and ileal tissue

samples using Trizol reagent (Invitrogen, Carlsbad, CA). The final

RNA was eluted in an appropriate amount of 0.1% Diethyl

pyrocarbonate (DEPC) treated water (Sigma-Aldrich, Inc., Saint

Louis, MO). For each sample, the integrity of RNA extracted was

confirmed by agarose gel electrophoresis by staining with ethidium

bromide and visualization under UV light. The amount of RNA

extracted was determined and its purity (OD260/OD280 absorp-

tion ratio .1.9) was verified using a NanoDropH ND-2000C

Spectrophotometer (NanoDrop Technologies Inc., Wilmington,

DE). For cDNA synthesis, a 2 mg aliquot of total RNA was reverse-

transcribed with 200 U M-MLV (Promega, Madison, WI) using

1 mg oligo (dT)15 Primer, 10 mM dNTP Mix, M-MLV 5x

Reaction Buffer, 25 U rRNasinH Ribonuclease Inhibitor (Pro-

mega, Madison, WI) in a final volume of 25 ml. To inspect DNA

contamination, a negative control (without enzyme) was included.

Synthesized cDNA was stored at 220uC prior to real-time PCR

analysis.

Quantitative Real-time PCR
Quantitative real-time PCR was performed using an ABI 7500

Real-time PCR System (Applied Biosystems, Foster City, CA).

The sequences of primers used were listed in Table 1. Primers for

specific porcine genes were synthesized (TakaRa Biotechnology

Inc., Dalian, China) to have an equal annealing temperature of

60uC. The cDNA was amplified with SYBRH Premix DimerEr-

aserTM (TakaRa Biotechnology Inc., Shiga, Japan) containing 2 ml

cDNA, 1.0 mM primers, 10 ml 2x SYBR Premix DimerEraser,

0.4 ml ROX (passive reference dye).The PCR amplification was

performed using the following conditions: 95uC for 30 s, followed

by 39 cycles at 95uC for 5 s, 60uC for 30 s and 72uC for 15 s.

Melting curve analysis was systematically analysed after each run.

All melt curves showed a single peak and were consistent with the

presence of a single amplicon. A non-template control of nuclease-

free water was included in each run. All reactions were conducted

in triplicate.

To evaluate the relative quantification of mRNA expression, the

cycle threshold (CT) values of the target genes were normalized to the

CT-values of the housekeeping gene hypoxanthine phosphoribosyl-

transferase (HPRT) and the results were presented as fold changes

using the 22DDCT method. The relative mRNA expression of the

target genes in each group was calculated using the following

equations: DCT = CT(target gene) – CT(HRRT), DDCT = DCT (treated

group) – DCT (control group).

Immunhistochemistry
The jejunal tissue samples fixed in 4% paraformaldehyde were

embedded in paraffin and sectioned into 3 mm, then collected on

silanized slides. After deparaffinization and hydration through

xylenes, slides were subjected to microwave for antigen retrieval

and then cooled down at room temperature. Endogenous

peroxidase activity was quenched with 3% H2O2 in methanol

for 20 min at room temperature, followed by incubation with

rabbit serum of the species from which the secondary antibody was

produced for 30 min. Subsequently, sections were incubated

overnight at 4uC in a humidified chamber with a 1:100 dilution of

the primary antibody, goat anti-human TLR4 polyclonal

antibodies (R&D Systems Inc., Minneapolis, MN).

Table 1. Sequences of oligonucleotide primers used for real-time PCR, length of the PCR products and the accession numbers.

Gene Primer sequences (59to39) Product size (bp) Accession number Ref.

HRRT F GTGATAGATCCATTCCTATGACTGTAGA 104 U69731 [60]

R TGAGAGATCATCTCCACCAATTACTT

TLR2 F ACATGAAGATGATGTGGGCC 109 AB072190 [61]

R TAGGAGTCCTGCTCACTGTA

TLR4 F GCCATCGCTGCTAACATCATC 108 NM_001113039 [61]

R CTCATACTCAAAGATACACCATCGG

TLR5 F CAGCGACCAAAACAGATTGA 122 NM_001123202 [52]

R TGCTCACCAGACAGACAACC

TLR9 F GTGGAACTGTTTTGGCATC 199 NM_213958.1 [62]

R CACAGCACTCTGAGCTTTGT

NOD1 F ACCGATCCAGTGAGCAGATA 140 NM_001114277 [52]

R AAGTCCACCAGCTCCATGAT

NOD2 F GAGCGCATCCTCTTAACTTTCG 66 NM_001105295 [20]

R ACGCTCGTGATCCGTGAAC

IL-8 F TCCTGCTTTCTGCAGCTCTC 176 NM_213867 [63]

R GGGTGGAAAGGTGTGGAATG

TNF-a F GCCCACGTTGTAGCCAATGTCAAA 99 NM_214022 [64]

R GTTGTCTTTCAGCTTCACGCCGTT

pBD-2 F CTGTCTGCCTCCTCTCTTCC 148 NM_214022 [52]

R CAGGTCCCTTCAATCCTGTT

HPRT = hypoxanthine phosphoribosyl-transferase; TLR = Toll-like receptor; NOD = nucleotide binding oligomerization domain; IL = interleukin; TNF = tumor necrosis
factor; pBD-2 = porcine b-defensin-2; F = forward primer; R = reverse primer; Ref. = reference.
doi:10.1371/journal.pone.0040666.t001
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TLR4 was then detected using a commercial immunoperox-

idase staining kit (Vectastain Elite ABC Kit; Vector Laboratories,

Burlingame, CA). Briefly, the sections were incubated with a 1:200

dilution of biotinylated secondary rabbit anti-goat antibody for 2 h

at room temperature, followed by the avidin-biotin-peroxidase

complex (ABC) reagent incubation for 1 h. Bound antibody

conjugates were visualized using 3, 39-diaminobenzidine (DAB)

(Zhongshan Golden Bridge Biotechnology Co., Beijing, China) as

a chromogen to develop a brown staining and sections were

counterstained with hematoxylin and mounted with glycerol

gelatin. Negative controls were included in each batch and

performed with the same procedure by replacing the primary

antibody with PBS. The slides were visualized and photographed

using a Nikon Eclipse Ti-U inverted microscope equipped with a

Nikon DS cooled camera head (Nikon, Tokyo, Japan).

Statistical Analysis
Statistical evaluation was performed using the SAS statistical

software package, version 9.1 (SAS Institute, Inc., Cary, NC). Data

were analysed using the SAS software PROC MIXED procedures.

The statistical model included the effect of treatment, litter,

sampling time or different intestinal sections, and the random

effect of pig within treatment. When an overall effect of treatment

was observed (p,0.05), differences between the least square means

were compared using Tukey’s test. A value of p,0.05 was

considered statistically significant.

Author Contributions

Conceived and designed the experiments: XQL YHZ JFW. Performed the

experiments: XQL YHZ YY ZXC XGW FJZ DZ JCY. Analyzed the data:

XQL HFZ QPL LZ. Contributed reagents/materials/analysis tools: XQL

YHZ ZXC. Wrote the paper: XQL YHZ JFW.

References

1. Fairbrother JM, Nadeau E, Gyles CL (2005) Escherichia coli in postweaning

diarrhoea in pigs: an update on bacterial types, pathogenesis, and prevention

strategies. Anim Health Res Rev 6: 17–39.

2. Nagy B, Fekete PZ (2005) Enterotoxigenic Escherichia coli in veterinary medicine.

Int J Med Microbiol 295: 443–454.

3. Fleckenstein JM, Hardwidge PR, Munson GP, Rasko DA, Sommerfelt H, et al.

(2010) Molecular mechanisms of enterotoxigenic Escherichia coli infection.

Microbes Infect 12: 89–98.

4. Frydendahl K (2002) Prevalence of serogroups and virulence genes in Escherichia

coli associated with postweaning diarrhoea and edema disease in pigs and a

comparison of diagnostic approaches. Vet Microbiol 85: 169–182.

5. Gaggia F, Mattarelli P, Biavati B (2010) Probiotics and prebiotics in animal

feeding for safe food production. Int J Food Microbiol 141 Suppl 1: S15–S28.

6. Mellmann A, Harmsen D, Cummings CA, Zentz EB, Leopold SR, et al. (2011)

Prospective genomic characterization of the German enterohemorrhagic

Escherichia coli O104:H4 outbreak by rapid next generation sequencing

technology. PLoS One 6(7): e22751. doi: 10.1371/journal.pone.0022751.

7. Van Niel CW, Feudtner C, Garrison MM, Christakis DA (2002) Lactobacillus

therapy for acute infectious diarrhoea in children: a meta-analysis. Pediatrics

109: 678–684.

8. Zhang L, Xu YQ, Liu HY, Lai T, Ma JL, et al. (2010) Evaluation of Lactobacillus

rhamnosus GG using an Escherichia coli K88 model of piglet diarrhoea: Effects on

diarrhoea incidence, faecal microflora and immune responses. Vet Microbiol

141: 142–148.

9. Trevisi P, Casini L, Coloretti F, Mazzoni M, Merialdi G, et al. (2011) Dietary

addition of Lactobacillus rhamnosus GG impairs the health of Escherichia coli F4-

challenged piglets. Animal 5: 1354–1360.

10. Lebeer S, Vanderleyden J, De Keersmaecker SC (2008) Genes and molecules of

Lactobacilli supporting probiotic action. Microbiol Mol Biol Rev 72: 728–764.

11. Medzhitov R (2007) Recognition of microorganisms and activation of the

immune response. Nature 449: 819–826.

12. Sansonetti PJ (2004) War and peace at mucosal surfaces. Nat Rev Immunol 4:

953–964.

13. Devriendt B, Stuyven E, Verdonck F, Goddeeris BM, Cox E (2010)

Enterotoxigenic Escherichia coli (K88) induce proinflammatory responses in

porcine intestinal epithelial cells. Dev Comp Immunol 34: 1175–1182.

14. Hermes RG, Manzanilla EG, Martin-Orue SM, Perez JF, Klasing KC (2011)

Influence of dietary ingredients on in vitro inflammatory response of intestinal

porcine epithelial cells challenged by an enterotoxigenic Escherichia coli (K88).

Comp Immunol Microbiol Infect Dis 34: 479–488.

15. Liu F, Li G, Wen K, Bui T, Cao D, et al. (2010) Porcine small intestinal

epithelial cell line (IPEC-J2) of rotavirus infection as a new model for the study of

innate immune responses to rotaviruses and probiotics. Viral Immunol 23: 135–

149.

16. Toki S, Kagaya S, Shinohara M, Wakiguchi H, Matsumoto T, et al. (2009)

Lactobacillus rhamnosus GG and Lactobacillus casei suppress Escherichia coli-induced

chemokine expression in intestinal epithelial cells. Int Arch Allergy Immunol

148: 45–58.

17. Ghadimi D, Vrese M, Heller KJ, Schrezenmeir J (2010) Effect of natural

commensal-origin DNA on toll-like receptor 9 (TLR9) signalling cascade,

chemokine IL-8 expression, and barrier integritiy of polarized intestinal

epithelial cells. Inflamm Bowel Dis 16: 410–427.

18. Saleh M (2011) The machinery of Nod-like receptors: refining the paths to

immunity and cell death. Immunol Rev 243: 235–246.

19. Tohno M, Shimazu T, Aso H, Uehara A, Takada H, et al. (2008) Molecular

cloning and functional characterization of porcine nucleotide-binding oligomer-

ization domain-1 (NOD1) recognizing minimum agonists, meso-diaminopimelic

acid and meso-lanthionine. Mol Immunol 45: 1807–1817.

20. Tohno M, Ueda W, Azuma Y, Shimazu T, Katoh S, et al. (2008) Molecular

cloning and functional characterization of porcine nucleotide-binding oligomer-

ization domain-2 (NOD2). Mol Immunol 45: 194–203.

21. Bouskra D, Brezillon C, Berard M, Werts C, Varona R, et al. (2008) Lymphoid

tissue genesis induced by commensals through NOD1 regulates intestinal

homeostasis. Nature 456: 507–510.

22. Petnicki-Ocwieja T, Hrncir T, Liu YJ, Biswas A, Hudcovic T, et al. (2009) Nod2

is required for the regulation of commensal microbiota in the intestine. Proc Natl

Acad Sci U S A 106: 15813–15818.

23. Boyle RJ, Robins-Browne RM, Tang ML (2006) Probiotic use in clinical

practice: what are the risks? Am J Clin Nutr 83: 1256–1264, 1446–1447.

24. Wolvers D, Antoine JM, Myllyluoma E, Schrezenmeir J, Szajewska H, et al.

(2010) Guidance for substantiating the evidence for beneficial effects of

probiotics: prevention and management of infections by probiotics. J Nutr

140: 698S-712S.

25. Salazar-Lindo E, Miranda-Langschwager P, Campos-Sanchez M, Chea-Woo E,

Sack RB (2004) Lactobacillus casei strain GG in the treatment of infants with acute

watery diarrhoea: a randomized, double-blind, placebo controlled clinical trial

[ISRCTN67363048]. BMC Pediatr 4: 18. doi: 10.1186/1471-2431-4-18.

26. Basu S, Paul DK, Ganguly S, Chatterjee M, Chandra PK (2009) Efficacy of

high-dose Lactobacillus rhamnosus GG in controlling acute watery diarrhoea in

Indian children: a randomized controlled trial. J Clin Gastroenterol 43: 208–

213.

27. Lunney JK (2007) Advances in swine biomedical model genomics. Int J Biol Sci

3: 179–184.

28. Tannock GW, Munro K, Harmsen HJ, Welling GW, Smart J, et al. (2000)

Analysis of the fecal microflora of human subjects consuming a probiotic product

containing Lactobacillus rhamnosus DR20. Appl Environ Microbiol 66: 2578–2588.

29. Collado MC, Grzeskowiak L, Salminen S (2007) Probiotic strains and their

combination inhibit in vitro adhesion of pathogens to pig intestinal mucosa. Curr

Microbiol 55: 260–265.

30. Franklin MA, Mathew AG, Vickers JR, Clift RA (2002) Characterization of

microbial populations and volatile fatty acid concentrations in the jejunum,

ileum, and cecum of pigs weaned at 17 vs 24 days of age. J Anim Sci 80: 2904–

2910.

31. Stecher B, Chaffron S, Kappeli R, Hapfelmeier S, Freedrich S, et al. (2010) Like

will to like: abundances of closely related species can predict susceptibility to

intestinal colonization by pathogenic and commensal bacteria. PLoS Pathog

6(1): e1000711. doi: 10.1371/journal.ppat.1000711.

32. Casini L, Kostantinov SR, Coloretti F, De Filippi S, Mazzoni M, et al, (2007)

Interference of the humoral immune response against resident and nonresident

intestinal commensal strains in weaning pigs. Livestock Science 102, 226–228.

33. Zhang L, Li N, Caicedo R, Neu J (2005) Alive and dead Lactobacillus rhamnosus

GG decrease tumor necrosis factor-alpha-induced interleukin-8 production in

Caco-2 cells. J Nutr 135: 1752–1756.

34. Mazmanian SK, Round JL, Kasper DL (2008) A microbial symbiosis factor

prevents intestinal inflammatory disease. Nature 453: 620–625.

35. Shimazu T, Villena J, Tohno M, Fujie H, Hosoya S, et al. (2012) Immunobiotic

Lactobacillus jensenii elicits anti-inflammatory activity in porcine intestinal

epithelial cells by modulating negative regulators of the Toll-like receptor

signaling pathway. Infect Immun 80: 276–288.

36. Llopis M, Antolin M, Carol M, Borruel N, Casellas F, et al. (2009) Lactobacillus

casei downregulates commensals’ inflammatory signals in Crohn’s disease

mucosa. Inflamm Bowel Dis 15: 275–283.

37. Round JL, Mazmanian SK (2009) The gut microbiota shapes intestinal immune

responses during health and disease. Nat Rev Immunol 9: 313–323.

38. Castillo NA, Perdigon G, de Moreno DLA (2011) Oral administration of a

probiotic Lactobacillus modulates cytokine production and TLR expression

The Gut Microbiota and Immune Responses of Piglets

PLoS ONE | www.plosone.org 11 July 2012 | Volume 7 | Issue 7 | e40666



improving the immune response against Salmonella enterica serovar Typhimurium

infection in mice. BMC Microbiol 11: 177.
39. Gribar SC, Sodhi CP, Richardson WM, Anand RJ, Gittes GK, et al. (2009)

Reciprocal expression and signalling of TLR4 and TLR9 in the pathogenesis

and treatment of necrotizing enterocolitis. J Immunol 182: 636–646.
40. Fritz JH, Ferrero RL, Philpott DJ, Girardin SE (2006) Nod-like proteins in

immunity, inflammation and disease. Nat Immunol 7: 1250–1257.
41. Kim JG, Lee SJ, Kagnoff MF (2004) Nod1 is an essential signal transducer in

intestinal epithelial cells infected with bacteria that avoid recognition by toll-like

receptors. Infect Immun 72: 1487–1495.
42. Uehara A, Yang S, Fujimoto Y, Fukase K, Kusumoto S, et al. (2005)

Muramyldipeptide and diaminopimelic acid-containing desmuramylpeptides in
combination with chemically synthesized Toll-like receptor agonists synergisti-

cally induced production of interleukin-8 in a NOD2- and NOD1-dependent
manner, respectively, in human monocytic cells in culture. Cell Microbiol 7: 53–

61.

43. Netea MG, Ferwerda G, de Jong DJ, Jansen T, Jacobs L, et al. (2005)
Nucleotide-binding oligomerization domain-2 modulates specific TLR pathways

for the induction of cytokine release. J Immunol 174: 6518–6523.
44. Papadakis KA, Targan SR (2000) Tumor necrosis factor: biology and

therapeutic inhibitors. Gastroenterology 119: 1148–1157.

45. Zhu Y, Fossum C, Berg M, Magnusson U (2007) Morphometric analysis of
proinflammatory cytokines in mammary glands of sows suggests an association

between clinical mastitis and local production of IL-1beta, IL-6 and TNF-alpha.
Vet Res 38: 871–882.

46. Rakoff-Nahoum S, Paglino J, Eslami-Varzaneh F, Edberg S, Medzhitov R
(2004) Recognition of commensal microflora by toll-like receptors is required for

intestinal homeostasis. Cell 118: 229–241.

47. Matsuguchi T, Takagi A, Matsuzaki T, Nagaoka M, Ishikawa K, et al. (2003)
Lipoteichoic acids from Lactobacillus strains elicit strong tumor necrosis factor

alpha-inducing activities in macrophages through Toll-like receptor 2. Clin
Diagn Lab Immunol 10: 259–266.

48. Schroeder BO, Wu Z, Nuding S, Groscurth S, Marcinowski M, et al. (2011)

Reduction of disulphide bonds unmasks potent antimicrobial activity of human
beta-defensin 1. Nature 469: 419–423.

49. Ganz T (2003) Defensins: antimicrobial peptides of innate immunity. Nat Rev
Immunol 3: 710–720.

50. Vora P, Youdim A, Thomas LS, Fukata M, Tesfay SY, et al. (2004) Beta-
defensin-2 expression is regulated by TLR signalling in intestinal epithelial cells.

J Immunol 173: 5398–5405.

51. Veldhuizen EJ, Rijnders M, Claassen EA, van Dijk A, Haagsman HP (2008)
Porcine beta-defensin 2 displays broad antimicrobial activity against pathogenic

intestinal bacteria. Mol Immunol 45: 386–394.
52. Collado-Romero M, Arce C, Ramirez-Boo M, Carvajal A, Garrido JJ (2010)

Quantitative analysis of the immune response upon Salmonella typhimurium

infection along the porcine intestinal gut. Vet Res 41: 23. doi: 10.1051/vetres/

2009072.
53. Veldhuizen EJ, van Dijk A, Tersteeg MH, Kalkhove SI, van der Meulen J, et al.

(2007) Expression of beta-defensins pBD-1 and pBD-2 along the small intestinal

tract of the pig: lack of upregulation in vivo upon Salmonella typhimurium infection.
Mol Immunol 44: 276–283.

54. Daudelin JF, Lessard M, Beaudoin F, Nadeau E, Bissonnette N, et al. (2011)
Administration of probiotics influences F4 (K88)-positive enterotoxigenic

Escherichia coli attachment and intestinal cytokine expression in weaned pigs.

Vet Res 42: 69. doi: 10.1186/1297–9716–42–69.
55. Coconnier MH, Bernet MF, Chauviere G, Servin AL (1993) Adhering heat-

killed human Lactobacillus acidophilus, strain LB, inhibits the process of
pathogenicity of diarrhoeagenic bacteria in cultured human intestinal cells.

J Diarrhoeal Dis Res 11: 235–242.
56. Forestier C, De Champs C, Vatoux C, Joly B (2001) Probiotic activities of

Lactobacillus casei rhamnosus: in vitro adherence to intestinal cells and antimicrobial

properties. Res Microbiol 152: 167–173.
57. Nilsen N, Nonstad U, Khan N, Knetter CF, Akira S, et al. (2004)

Lipopolysaccharide and double-stranded RNA up-regulate toll-like receptor 2
independently of myeloid differentiation factor 88. J Biol Chem 279: 39727–

39735.

58. Braat H, van den Brande J, van Tol E, Hommes D, Peppelenbosch M, et al.
(2004) Lactobacillus rhamnosus induces peripheral hyporesponsiveness in stimulated

CD4+ T cells via modulation of dendritic cell function. Am J Clin Nutr 80:
1618–1625.

59. Shu Q, Qu F, Gill HS (2001) Probiotic treatment using Bifidobacterium lactis

HN019 reduces weanling diarrhoea associated with rotavirus and Escherichia coli

infection in a piglet model. J Pediatr Gastroenterol Nutr 33: 171–177.

60. Duvigneau JC, Hartl RT, Groiss S, Gemeiner M (2005) Quantitative
simultaneous multiplex real-time PCR for the detection of porcine cytokines.

J Immunol Methods 306: 16–27.
61. Moue M, Tohno M, Shimazu T, Kido T, Aso H, et al. (2008) Toll-like receptor

4 and cytokine expression involved in functional immune response in an

originally established porcine intestinal epitheliocyte cell line. Biochim Biophys
Acta 1780: 134–144.

62. Tohno M, Shimosato T, Moue M, Aso H, Watanabe K, et al. (2006) Toll-like
receptor 2 and 9 are expressed and functional in gut-associated lymphoid tissues

of presuckling newborn swine. Vet Res 37: 791–812.
63. Meurens F, Girard-Misguich F, Melo S, Grave A, Salmon H, et al. (2009) Broad

early immune response of porcine epithelial jejunal IPI-2I cells to Entamoeba

histolytica. Mol Immunol 46: 927–936.
64. Cutler SA, Lonergan SM, Cornick N, Johnson AK, Stahl CH (2007) Dietary

inclusion of colicin e1 is effective in preventing postweaning diarrhoea caused by
F18-positive Escherichia coli in pigs. Antimicrob Agents Chemother 51: 3830–

3835.

The Gut Microbiota and Immune Responses of Piglets

PLoS ONE | www.plosone.org 12 July 2012 | Volume 7 | Issue 7 | e40666


