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In the current study, we screened Lactobacillus strains isolated from the colon of clinically healthy weaned piglets
for potential probiotic properties and isolated Lactobacillus. johnsonii L531, which produced high levels of
beneficial metabolites (butyric, acetic, and lactic acid) in vitro. We also evaluated the efficacy of this metabolites-
producing probiotic in treating Salmonella. Infantis infection. Oral administration of L. johnsonii L531 to newly
weaned piglets significantly decreased levels of Salmonella colonization in colonic and jejunal contents, ac-
celerated the clearance of Salmonella in feces after infection, and reduced S. Infantis translocation to the spleen.
Pretreatment with SCFAs-promoting probiotic L. johnsonii L531 significantly ameliorated the depletion of SCFAs
induced by S. Infantis infection and led to significantly greater weight gain and better feed conversion ratios
compared to piglets challenged only with S. Infantis. These data provide further evidence that SCFAs-promoting
probiotic L. johnsonii L531 treatment could be a suitable nonantibiotic alternative for controlling Salmonella
infection and maintaining metabolic homeostasis, thereby enhancing the gut health of piglets during the critical

weaning period.

1. Introduction

Weaning is one of the most critical phases of the pig’s life cycle. In
commercial pig production systems, this period is shortened from the
natural weaning age of approximately 17 weeks to 3-4 weeks after
birth (Gresse et al., 2017), which can profoundly impact piglet health
and lead to decreased performance and sometimes mortality (Campbell
et al., 2013). To reduce potential economic losses, antimicrobials have
been used, but which has increased the risk of the emergence of mul-
tidrug-resistant bacteria (Barton, 2014). Alternatives to antibiotic use to
maintain piglet health during the crucial transition period are therefore
critically needed.

The piglet gut microbiome shows dramatic alterations in composi-
tion during the weaning period when the piglets diet changes from
sow’s milk to solid feed (Frese et al., 2015). Therefore, the dysbiotic or
perturbed states of gut microbiota increase the susceptibility of piglets
to enteric pathogens (e.g., Salmonella) (Gresse et al., 2017). Salmonella
uses its virulence factors to trigger intestinal inflammation, which in-
creases the luminal concentrations of terminal electron acceptors (e.g.,
host-derived nitrate and oxygen) (Rivera-Chavez et al., 2016; Litvak

et al., 2018). These substances have the effect to deplete the short-chain
fatty acids (SCFAs)-producing commensal bacteria with subsequently
decreasing the concentrations of SCFAs and boosting the growth of
Salmonella (Drumo et al., 2016; Byndloss and Baumler, 2018). Thus,
intestinal infection with Salmonella results in inflammation-induced
dysbiosis during the weaning transition in piglets which could drive a
real vicious circle, further causing severe diarrhea (Gillis et al., 2018;
Gresse et al., 2017).

Epidemiologic evidence shows that the proportion of Salmonella
enterica subsp. enterica serovar Infantis (S. Infantis) in swine has in-
creased over time (Yuan et al., 2018). Moreover, recent studies have
shown that S. Infantis isolates display multidrug resistant, and thus pose
a substantial public health threat (Borowiak et al., 2017; Tate et al.,
2017). Our previous work showed that infection with S. Infantis induces
intestinal inflammation and loss of microbial diversity in newly weaned
piglets (Yang et al., 2017; Zhang et al., 2018). However, as most pre-
vious studies have involved only S. enterica serovar Typhimurium, the
effects of S. Infantis infection on microbial metabolites such as SCFAs
remain unknown.

The most abundant microbial metabolites produced in the gut are
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the SCFAs acetate, propionate, and butyrate, each of which acts as a
microbial regulatory factor and major modulator of host-microbiome
interactions, affecting gut homeostasis and defense against pathogen
invasion (Byndloss and Baumler, 2018), immune system maturation
(Rooks and Garrett, 2016) and regulation of inflammatory responses
(Richards et al., 2016). Butyrate and propionate also down-regulate the
expression of bacterial virulence genes such as hilA and invF, which are
important transcriptional activators in Salmonella (Gantois et al., 2006;
Boyen et al., 2008). Although our previous work demonstrated that
probiotic supplementation is a viable microbiota-related strategy for
preventing S. Infantis infection (Zhang et al., 2018), the efficacy of
traditional microbiome-based treatments (single probiotics supple-
mentation) can be limited by a variety of factors, such as the inability of
exogenous probiotics to colonize the host by outcompeting an in-
digenous, pathogenic microbiome (Walter et al., 2018). Therefore, a
novel microbiome-based metabolite treatment approach has been sug-
gested, as metabolite-based treatment could overcome the above-
mentioned limitation and enable an improved efficacy when coupled
with traditional microbiome-based treatments such as probiotics (Suez
and Elinav, 2017).

Lactobacillus can rapidly metabolize simple carbohydrates to lactic
acid, acetate, or propionate and modulate the gut microbiota compo-
sition and/or metabolic output of the community (Derrien et al., 2015).
Therefore, in this study, we screened Lactobacillus strains isolated from
the colon of clinically healthy weaned piglets for potential probiotic
properties and isolated Lactobacillus johnsonii L531, which exhibited the
ability to produce higher levels of metabolites such as butyric, acetatic,
and lactic acid in vitro. We also evaluated the efficacy of this potential
probiotic in reducing S. Infantis colonization and fecal shedding in
newly weaned piglets. We hypothesized that oral administration SCFAs-
promoting probiotic L. johnsonii L531 would prevent the disruption of
intestinal metabolic homeostasis induced by S. Infantis infection.

2. Materials and methods

2.1. Isolation and characterization of lactic acid-producing bacteria (LAB)
in vitro

A total of 17 LAB strains were isolated from the colonic contents
collected from 7 newly weaned piglets that remained clinically healthy.

All LAB isolates were stored at —80 °C in 25% glycerol and cultured
in De Man, Rogosa, and Sharpe (MRS) broth and agar (Oxoid,
Basingstoke, UK) at 37 °C under anaerobic conditions for 18-24 h. The
species of the 17 isolates were determined by comparing the sequence
of the 16S rRNA gene with sequences in the NCBI GenBank database
using BLAST.

Initial screening of the isolates involved characterizing bacterial
properties, which included tolerance to low pH and porcine bile salts
and ability to adhere to epithelial cells in vitro. The ability of screened
isolates to produce SCFAs and lactic acid in vitro was also investigated.

Tolerance to low pH was evaluated by incubating mid-log phase
bacterial cultures and diluting bacterial cultures with 0.1 mol/l1 HCI-
MRS broth (pH 2.0) to a final concentration of approximately 10”7 CFU/
ml and anaerobically incubating the cultures at 37 °C for up to 120 min.
The number of residual viable bacteria was determined at various time
points (0, 30, 60, and 120 min).

Tolerance to bile salts was assessed by incubating 10”7 CFU/ml of
each isolate in MRS containing various concentrations (0, 0.3%) of bile
salts under anaerobic conditions at 37 °C. The number of residual viable
bacteria was determined after 0, 2, and 4h of incubation. Rates of
bacterial survival in acid and bile tolerance assays were determined
from triplicate analyses by appropriate serial dilutions and plating onto
MRS agar. Plates were incubated anaerobically at 37 °C for 24 h, after
which the number of CFU/ml was calculated.

Bacterial adhesion capacity was assessed using porcine jejunal epi-
thelial J2 cells (IPEC-J2, ACC701, DSMZ). Confluent monolayers of
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IPEC-J2 cells (1 x 10° cells/well) were cultured in 6-well tissue culture
plates as previously described (Zhang et al., 2018). Monolayers were
infected in 2ml of the cell culture medium lacking antibiotics and
without heat-inactivated fetal calf serum but containing isolates at a
multiplicity of infection (MOI) of 10 bacteria per epithelial cell. After
3 h of incubation at 37 °C and 5% CO,, the IPEC-J2 cells were washed
three times in phosphate-buffered saline (PBS) to remove non-adherent
bacteria. The IPEC-J2 cells were then lysed by covering the monolayers
with 200 pl of trypsin-EDTA (Gibco Life Technologies) for 10 min at
37 °C. Subsequently, 300 pl of cell culture medium was added in order
to stop the reaction, and the number of viable adherent bacteria was
determined by plating serial dilutions of the cell lysates on MRS agar
plates. Adhesion was expressed as the percentage of adhered bacteria
relative to the number of bacteria initially added. All experiments were
performed in triplicate. Adhesion values were normalized against those
of the positive control, Lactobacillus rhamnosus GG (LGG, ATCC 53103),
a species known for good adhesion to IPEC-J2 cells.

Four isolates which exhibited high acid tolerance property and good
adhesion capacity in in vitro assays were selected for further char-
acterization. Concentrations of butyric, acetic, and lactic acids in bac-
terial culture supernatants were measured using ion chromatography
(ICS 3000; Thermo, New York, NY), as previously described (Yu et al.,
2017). Overnight cultures (24 h) of isolate strains were used, and MRS
broth alone was used as a negative control. Each measurement was
carried out in duplicate.

2.2. Ethics in animal experimentation

All animals were treated in strict accordance with the Guidelines for
Laboratory Animal Use and Care from the Chinese Center for Disease
Control and Prevention and the Rules for Medical Laboratory Animals
(1998) from the Chinese Ministry of Health, under protocol
CAU20161016-1, which was approved by the Animal Ethics Committee
of China Agricultural University. All surgeries were performed under
xylazine hydrochloride anesthesia, and every effort was made to
minimize suffering.

2.3. Bacteria preparation and growth conditions

Based on the results of in vitro experiments, we chose L. johnsonii
L531 as a putative probiotic strain for treating weaning piglets chal-
lenged in an S. Infantis model. A culture of L. johnsonii L531 was in-
oculated at a dilution of 1:100 in MRS broth and incubated at 37 °C for
18 h until reaching mid-log phase under microaerophilic conditions.
Bacteria were pelleted by centrifugation at 3000 X g for 10 min at 4 °C,
and then washed 3 times and resuspended in sterile physiologic saline.
Bacteria were quantified by determining the number of CFUs after
plating serial dilutions of bacterial suspensions onto MRS agar plates.
The oral dose of L. johnsonii L531 was 10 ml of an approximately 10°
CFU/ml suspension.

Salmonella enterica serovar Infantis strain CAU1508 used in the
study was isolated in our laboratory from the intestinal contents of
weaned piglets with diarrhea, carrying the virulence genes sipA, sipB,
sopA, sopB, sopD, sopE, sopE2, fljB, and ssel (detected by real-time PCR),
and harboring the pFPV-mCherry plasmid (Yang et al., 2017). The S.
Infantis CAU1508 (mCherry) challenge strain was grown to mid-log
phase in Luria-Bertani broth (Oxoid) at 37 °C with shaking. The Sal-
monella were then harvested by centrifugation at 3000 x g for 10 min
at 4 °C, washed 3 times with sterile physiologic saline, and resuspended
in normal saline. The inoculum of S. Infantis CAU1508 was 10 ml of an
approximately 10! CFU/ml suspension. The concentration of inoculum
was determined by CFU counts after plating the serial dilutions of
bacterial suspensions onto xylose lysine tergitol 4 (XLT4; Beijing Land
Bridge Technology Co., Beijing, China) agar plates.
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2.4. Animal experiments

A total of 18 healthy piglets (Landrace x Large White) of mixed
gender selected from 8 different litters and weaned at 21 days of age
were obtained from Beijing Hog Raising and Breeding Center. The
average weight of the piglets was 5.84 + 0.07 kg. Each animal was
penned separately and provided ad libitum access to antibiotic-free feed
and water from day O (when newly weaned and transported to the
animal experimental facility of the College of Veterinary Medicine,
China Agricultural University) until day 18 (when euthanized). Prior to
initiation of the study, all piglets were determined to be free of
Salmonella by analysis of feces and serum. Briefly, the fresh feces
sample was added to buffered peptone water (Beijing Aoboxing Bio-
tech Co., Beijing, China) and incubated at 37°C for 16-18h with
shaking. Then the pre-enrichment broth was transferred onto modified
semi-solid Rappaport Vassiliads (MSRV; Beijing Land Bridge
Technology Co., Beijing, China) agar and incubated for 24 h at 42°C.
After selective enrichment, an inoculating loop of white or gray co-
lonies grown on MSRV was plated on XLT4 agar and incubated at 37 °C
overnight. Bacterial colonies showing morphologic characteristics of
Salmonella were then confirmed by PCR. Serum samples were de-
termined by a porcine Salmonella Antibody ELISA kit (B, C1 and D
combined) (Biocheck, London, UK) and performed as described by the
manufacturer’s instructions. All piglets were negative for Salmonella in
microbiological and serological test.

On the day of weaning (day 0), piglets were assigned to 3 groups
(n = 6 per group) with littermate, weight, and gender distributed
evenly among the groups. The following three groups were: (1) control
(CN) group (oral administration of sterile physiologic saline only, from
day 1 to 8); (2) S. Infantis (SI) group (oral administration of sterile
physiologic saline from day 1 to 7 and oral challenge with S. Infantis on
day 8); and (3) L. johnsonii L531 + S. Infantis (LS) group (oral ad-
ministration of L. johnsonii L531 from day 1 to 7 and oral challenge with
S. Infantis on day 8). Groups were kept physically separated by a solid
partition; there was no direct contact between animals from different
groups.

At 9:00 am on days 1-7, piglets in group LS were orally administered
L. johnsonii 1531 solution (1 x 10° CFU/ml, 10ml/day)
tragastrically; piglets in groups CN and SI were administered 10 ml of
sterile physiologic saline daily. At 9:00 am on day 8, piglets in groups LS
and SI were orally challenged with S. Infantis culture (1 x 10'' CFU/
ml, 10 ml/piglet) to induce diarrhea as described (Yang et al., 2017);
piglets in group CN received 10 ml of sterile physiologic saline. On day
18 (10 days after S. Infantis challenge), all piglets in each of the 3
groups were sacrificed.

in-

2.5. Samples and measurements

Each animal was examined for clinical signs of disease at regular
intervals throughout the study. Body weight (BW) was recorded on days
1, 8, 15, and 18, and feed consumption was recorded daily. Average
daily gain (ADG) and the ratio of gain to feed (G:F) were calculated.

To assess bacterial colonization, fresh fecal samples were collected
prior to S. Infantis challenge (0 h) and at 6, 12, 24, 120, and 192 h post-
challenge. Piglets were euthanized on day 10 post-infection, and the
following samples were immediately collected for microbiological
analysis: liver, spleen, and mesenteric lymph nodes; jejunum, cecum,
proximal colon contents and mucosal tissues. The fresh jejunum,
cecum, and proximal and distal colon contents were flash frozen in li-
quid nitrogen and stored at —80 °C for later SCFAs determination.

2.6. Bacterial enumeration
Bacteria were enumerated to assess fecal shedding and colonization

with S. Infantis. Samples of 1 g of feces, organ tissue, intestinal con-
tents, or mucosal tissues from each animal were homogenized in 9 ml of
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sterile saline, serially diluted, then plated on XLT4 agar plates for
Salmonella culture and incubated for 24 h at 37 °C under aerobic con-
ditions. Results are expressed as log;o CFU/g. All analyses were per-
formed in triplicate.

2.7. SCFAs quantification

The concentrations of acetate, propionate, butyrate, and i-butyrate,
i-valerate, valeric acid in the jejunum, cecum, proximal and distal colon
contents were determined using gas chromatography (Agilent 7890 A,
Agilent Technologies, Santa Clara, CA) according to previously de-
scribed procedures (Shen et al., 2009).

2.8. Statistical analyses

Statistical analyses were conducted using SPSS 22.0 software (SPSS
Inc., Chicago, IL). For data from intestinal content samples, the statis-
tical model included the fixed effects of treatment, litter, gender, in-
testinal content or mucosal tissue, interactions between treatments and
intestinal content or mucosal tissue, as well as random effects asso-
ciated with individual pigs within a treatment. Differences in fecal
shedding and organ colonization between the LS and SI groups were
examined using the nonparametric Mann-Whitney test. The Chi-Square
test (likelihood ratio) was used to analyze the frequencies of positive
animals in the different range levels of Salmonella in intestinal seg-
ments. Differences in terms of metabolites produced in vitro (culture
supernatant) and in vivo (intestinal contents) as parameters of growth
performance were analyzed using one-way ANOVA. Differences be-
tween means were analyzed using Tukey’s test. Spearman’s test was
used to assess correlations. A P-value of < 0.05 was considered statis-
tically significant.

3. Results
3.1. In vitro probiotic characteristics of LAB

Large variations were noted in the survival capacity of the 17 LAB
isolates at pH 2.0. The results indicated that acid resistance were strain-
specific rather than a common property of the LAB species examined.
Table 1 shows results for 11 LAB isolates that exhibited greater acid
resistance over at least 3 time points. The remaining 6 isolates exhibited
poor survival, with no viable bacteria detected after 30 min (data not
shown). After 120 min at pH 2.0, strains L. johnsonii L531 and C21
exhibited high acid resistance (49.7 and 73.8% viability, respectively).
Other isolates L. reuteri L25, L. johnsonii TL432, L. reuteri A4, and L.
johnsonii L54 exhibited survival rates of only 6.98, 1.9, 0.05, and
0.0005%, respectively. Repeated tests showed that all LAB isolated
were sensitive to both 2 and 4 h of exposure to 0.3% porcine bile salts,
however.

Based on the results of acid resistance assays, isolates were screened
for adhesion to porcine IPEC-J2 cells. Fig. 1A shows LAB isolates that
exhibited greater adhesion to epithelial cells. Four isolates in particular
(C21, L531, A4, L54) exhibited high numbers of bacteria adhering to
IPEC-J2 cells after 3h of incubation.

Metabolism of organic acids by L. johnsonii C21, L531, L54, and L.
reuteri A4 was analyzed after culture for 24 h in MRS medium. Fig. 1B
shows that in pure cultures, all of the tested isolates produced butyric
acid, lactic acid, and acetic acid but not propionic acid. Among the 4
strains examined, L. johnsonii L531 produced the highest levels of bu-
tyric acid (18 uM), lactic acid (179 mM), and acetic acid (58 mM).

Based on the results of in vitro characterization of bacterial prop-
erties (particularly the ability to produce higher concentrations of
SCFAs and lactic acid, which could confer added value as a putative
probiotic), L. johnsonii L531 was selected as a SCFAs-promoting pro-
biotic for further in vivo studies.
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Table 1
Survival of part lactobacilli in low pH (2.0) (log,o CFU/ml).
Isolate Strain Microorganism 0 min 30 min 60 min 120 min
L531 Lactobacillus johnsonii 6.938 + 0.475% 7.208 + 0.097° 6.900 + 0.010? 6.634 + 0.143%
C21 L. johnsonii 6.714 + 0.227° 6.835 + 0.317° 6.602 + 0.049% 6.582 + 0.185%
TL432 L. johnsonii 6.930 + 0.079* 6.781 + 0.100* 6.778 + 0.079* 5.216 = 0.110°
A4 L. johnsonii 6.855 + 0.424° 3.434 + 0.296" 3.485 = 0.103° 3.580 + 0.101°
L25 Lactobacillus reuteri 6.713 + 0.145% 6.568 + 0.035% 4.041 + 0.098" 5.557 + 0.142¢
M46 L. reuteri 7.387 + 0.324° 3.900 = 0.014° 3.780 + 0.058° 5.180 + 0.248°¢
L54 L. johnsonii 7.830 = 0.070? 4.683 + 0.031° 3.815 + 0.035¢ 2.500 = 0.130¢
M47 L. johnsonii 6.812 + 0.080% 6.071 + 0.304% 3.714 + 0.278" ND
M42 L. johnsonii 6.448 + 0.017° 3.540 = 0.060° 2.600 + 0.092¢ ND
TL431 L. johnsonii 6.700 = 0.135° 2.470 * 0.041° 2.500 * 0.500" ND
L41 L. reuteri 5.704 + 0.245% ND 1.570 * 0.070° 0.901 + 0.09°

ND, not determined.
Values expressed as Means + SEM (n = 3).

27¢ Means in the same row with different superscripts represent values statistically different from each other (P < 0.05).

3.2. Effect of L. Johnsonii L531 on piglet growth performance

The effects of the experimental treatments on ADG, G:F, and BW are
summarized in Table 2. Oral challenge with S. Infantis led to a sig-
nificant reduction in final ADG, G:F and BW, whereas administration of
L. johnsonii L531 markedly enhanced growth performance and im-
proved the ability to resist the harmful effects of Salmonella challenge.

Although both the LS and SI groups received the same challenge
with Salmonella, the LS group exhibited significant positive effects post-
challenge in terms of ADG, G:F, and BW in comparison with the SI
group (P < 0.001, P = 0.001, and P = 0.001, respectively). In chal-
lenged piglets that received the probiotic treatment, these parameters
were similar to the non-challenged CN group (P = 0.944, P = 0.992,
and P = 0.954, respectively).

3.3. Effect of L. Johnsonii L531 on Salmonella populations

Differences in the level of Salmonella fecal shedding after S. Infantis
challenge were observed (Fig. 2A). At 6h after challenge, all piglets
pretreated with L. johnsonii L531 began to excrete Salmonella, whereas
half of the piglets in the SI group were negative or excreted fewer
Salmonella in the feces. At 12 h, both the LS and SI groups had reached
peak excretion. However, unlike the piglets in the SI group that con-
tinued shedding Salmonella steadily from 24 to 192 h, piglets pretreated
with L. johnsonii L531 exhibited a sharp decline in shedding during this
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Table 2
Dose effect of oral administration of Lactobacillus johnsonii L531 on the growth
of postweaning piglets before and after Salmonella Infantis challenge.

Item” Treatments’ SEM P-value
CN SI LS

Phase 1 (days 1 to 7, pre-

challenge)
ADG, g/d 27.38 30.95 89.29 17.657 0.291
GF, g/g 0.160 0.268 0.702 0.138 0.250
BW, kg (day 1) 5.96 5.76 5.80 0.075 0.541
Phase 2 (days 8 to 18, post-

challenge)
ADG, g/d 278.33% 4333  266.67° 29.662 0.000
GF, g/g 0.897% 0.215° 0.879% 0.096 0.000
BW, kg (day 18) 8.93% 6.43° 9.097 0.361 0.000

% b Wwithin a row, means without a common lowercase superscript differ
(P < 0.05); Turkey’s test.

! Treatments: CN, control group with sterile physiological saline; SI, re-
ceived sterile physiological saline orally for phase 1 and followed by Salmonella
Infantis (1.0 x 10'' CFU/ml, 10 ml) challenge; LS, pretreated with probiotic
(1 x 10°CFU/ml, 10 ml once daily) for phase 1 and followed by Salmonella
Infantis (1.0 x 10'' CFU/ml, 10 ml) challenge. n = 6 per group.

2 Item: ADG, average daily gain; G: F, gain to feed ratio; BW, body weight.

Fig. 1. Adhesion of selected LAB isolates to
epithelial cells and organic acid metabolism in
vitro. (A) Adhesion to IPEC-J2 cells after 3h of
incubation. Results were obtained from at least
triplicate analyses. (B) Butyric, acetic, and
lactic acid concentrations after 24 h of growth
of selected isolates in MRS supplemented
medium. The concentration in the control
medium was subtracted from that of each ex-
perimental sample. Analyses were conducted
in duplicate. Results are presented as the
mean *+ SEM. *P < 0.05.

Lactic acid

*

* *

L54 C21 L531 A4
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Fig. 2. Fecal shedding and bacterial invasion
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period, and some piglets were even negative for fecal shedding at 120
and 192h. The number of Salmonella shed differed significantly be-
tween the LS and SI groups (P = 0.018) at 192 h after challenge.
Piglets were euthanized on day 18 (10 days after S. Infantis chal-
lenge) to assess pathogen colonization of the intestines and systemic
organs. As shown in Fig. 3, Salmonella colonization occurred in different
sites within the gastrointestinal tract (GIT). Both the intestinal contents

assay. Treatments: CN, control group; SI,
Salmonella Infantis challenge group; LS, pre-
treated with Lactobacillus. johnsonii L531 and
Salmonella Infantis challenge group. For (A)
and (B), each circle and square represent data
for a single animal.

lymph nodes

probiotic administration tended to reduce the number of piglets ex-
creting large numbers of Salmonella and reduce the degree of pathogen
colonization and expansion in the gut organs, as compared with the SI
group. Moreover, the numbers of Salmonella-negative jejunal (Fig. 3A)
and proximal colonic contents (Fig. 3E) were significantly higher in the
LS group compared with the SI group (P = 0.035 and P = 0.025, re-
spectively).

and mucosal tissues were examined for colonization. In general, S. Infantis exhibited differential systemic organ colonization
A . B . . Fig. 3. Salmonella colonization of the mucosa
Jejunal content Jejunal mucosal tissues regative 3 and contents of different intestinal segments.
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Acetate Fig. 4. Concentrations of SCFAs in different

:::yp,i:;m intestinal areas of weaned piglets as de-
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presenting the median values of the con-
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efficiency between the LS and SI groups, as shown in Fig. 2B. In the SI [P < 0.001]; propionate, r= —0.783 [P = 0.001]; butyrate,
group, all systemic organs were positive for Salmonella colonization, r= —0.620 [P = 0.014]). In most of the corresponding intestinal

particularly the mesenteric lymph nodes. By contrast, compared with
the SI group, administration of the probiotic L. johnsonii L531 protected
piglets from S. Infantis invasion of the spleen (P = 0.059) and reduced
the Salmonella burden in the liver and mesenteric lymph nodes.

3.4. Effect of L. Johnsonii L531 on SCFAs concentrations in different GIT
locations

To determine changes in activity of the intestinal microbiota after S.
Infantis challenge, concentrations of SCFAs in different areas of the GIT
were analyzed using gas chromatography (Fig. 4).

In general, S. Infantis challenge caused a marked decline in the
concentrations of acetate, propionate, butyrate, and total SCFAs in most
of the intestinal sites examined. In the SI group, the cecum (Fig. 4B) was
more severely affected, with significant decreases in the concentrations
of acetate (P = 0.002), total SCFAs (P = 0.007), and propionate (P =
0.035) compared with the CN group. The propionate concentration in
the distal colon (Fig. 4D) in the SI group also declined significantly
(P = 0.026) in comparison with the CN group.

In contrast to the abovementioned results, the concentrations of
SCFAs in the cecum and colon remained steady or displayed a tendency
to decrease slightly compared with CN group. In piglets pretreated with
SCFAs-promoting probiotic L. johnsonii L531, the concentrations and
composition of SCFAs (especially butyrate) in the cecum and proximal
colon were quite similar to those of the CN group. Without probiotic
pretreatment, S. Infantis infection induced a significant decrease in the
butyrate concentration in both the cecum (P = 0.042) and proximal
colon (P = 0.012) compared with the LS group. Notably, the con-
centrations of acetate, propionate, and butyrate in the jejunum of pig-
lets in the LS group were markedly increased (Fig. 4A) compared with
the CN and SI groups, but only the change in acetate concentration was
significant (P < 0.05).

3.5. Correlation analyses

The total amount of acetate produced in the jejunum was negatively
correlated with Salmonella invasion in the spleen (r = —0.560; P =
0.019). Butyrate produced in the jejunum was negatively correlated
with Salmonella colonization of the mesenteric lymph nodes
(r=—-0.773; P= 0.005) and presence in the cecum contents
(r = —0.679; P = 0.044). The production of butyrate in the proximal
colon was negatively correlated with expansion of Salmonella in the
proximal colon contents (r = —0.525; P = 0.044).

It is worth noting that the Salmonella burden in the mesenteric
lymph nodes was also strongly negatively correlated with the con-
centrations of various SCFAs in the distal colon (acetate, r = —0.851
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areas, a positive correlation was also observed between i-butyrate, i-
valerate, and valeric acid (r = 0.703~0.968; P < 0.01).

4. Discussion

The pathogenicity of Salmonella depends upon multiple factors, in-
cluding pathogen characteristics (virulence genes, exposure dosage),
the complex interplay between the pathogen and the intestinal micro-
biota, the host’s ability to control the microbiota, and the levels of
microbial metabolites generated in the gut (Bearson et al., 2013;
Rivera-Chavez et al., 2016; Byndloss et al., 2017). Here, we found that
oral inoculation of newly weaned piglets with S. enterica serovar In-
fantis causes fever, diarrhea, anorexia, depression, and poor growth
performance. In the present study, we demonstrated that pretreatment
with porcine-origin SCFAs-promoting probiotic L. johnsonii L531 re-
presents a viable alternative to the use of antibiotics in weaned piglets
because of the inhibitory effects on Salmonella, significant positive
impacts on growth performance, and efficacy in maintaining intestinal
metabolic homeostasis. Pretreatment with this potential probiotic sig-
nificantly reduced levels of Salmonella colonization in colonic and je-
junal contents, accelerated the clearance of Salmonella in the feces in
infected piglets compared with piglets that were not pretreated. The
poorer performance of piglets only challenged with S. Infantis in terms
of ADG, G:F, and BW could be due to the rapid, high-level growth of the
pathogen, as demonstrated by our microbiological data. By contrast,
pretreatment with SCFAs-promoting probiotic L. johnsonii L531 sig-
nificantly ameliorated the depletion of SCFAs induced by S. Infantis
infection, confirming the hypothesis that probiotic pretreatment in-
creases the resilience of the intestinal microbiota against Salmonella
infection (Sommer et al., 2017). Considered collectively, these ob-
servations indicate that the consequences and physiologic responses in
piglets challenged with Salmonella may be correlated and dependent on
key bacterial metabolites (i.e., SCFAs).

Several researchers have described the microbiota of the large in-
testine as a ‘microbial organ’ (O’Hara and Shanahan, 2006), which
functions to produce metabolites (e.g., SCFAs) at concentrations that
promote health (Koh et al., 2016). Microbial organ dysfunction (e.g.,
Salmonella expansion) can lead in turn to deleterious changes in the
microbial metabolite landscape (Byndloss and Baumler, 2018; Litvak
et al., 2017). In the current study, S. Infantis infection reduced the le-
vels of SCFAs in the gut, consistent with prior findings that S. Infantis
colonization in piglets results in a loss of microbial diversity (Zhang
et al., 2018) and fewer SCFAs-producing bacteria (Drumo et al., 2016).
We showed here that L. johnsonii L531 may enhance the host’s ability to
control the microbial organ and contribute to amelioration of microbial
organ dysfunction caused by S. Infantis infection.
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One of the crucial features of the putative probiotic is its efficacy in
maintaining levels of SCFAs produced by the microbiota, particularly
the concentrate of butyrate in the cecum and colon. The SCFA acetate
produced by intestinal bacteria helps reduce gut mucosal permeability
(Fukuda et al., 2011). Microbiota-derived SCFAs promote the matura-
tion and expansion of regulatory T (Treg) cells in the gut and exert
profound anti-inflammatory effects (Atarashi et al., 2013). Microbiota-
derived butyrate functions in coordination with Treg cells to activate
epithelial cells via PPAR-y signaling to drive the metabolism of colo-
nocytes toward mitochondrial B-oxidation of butyrate and highs oxygen
consumption. This energy metabolism is important for restricting
oxygen availability in the intestinal lumen, which ensures the dom-
inance of obligate anaerobic bacteria (Byndloss et al., 2017). The
SCFAs-producing obligate anaerobic bacteria thereby could maintain
gut homeostasis and prevent Salmonella expansion (Byndloss and
Baumler, 2018; Litvak et al., 2018).

As aerotolerant anaerobes, Lactobacillus species could tolerate
oxygen for short periods, contribute to the modification of the gut
microbiota composition and thus SCFA production (Derrien et al.,
2015). In addition, during the weaning transition the abundance of L.
johnsonii declines (Pieper et al., 2008). Thus, by adding niche-stabi-
lizing metabolites, pretreatment with an SCFAs-promoting probiotic
could help overcome the colonization resistance of indigenous com-
mensals and improve the long-term efficacy of exogenous probiotics
(Suez and Elinav, 2017). Indeed, in piglets that no longer received L.
johnsonii L531 after day 8 post-Salmonella challenge, metabolite pro-
duction was still markedly affected at 10 days post-challenge. There-
fore, it seems that the putative probiotic L. johnsonii L531 may be a
viable antibiotic alternative with the ability to maintain SCFA pro-
duction.

Pretreatment with L. johnsonii L531 effectively maintained SCFAs
concentrations in the lower GIT. Lactobacillus plantarum supplemented
also increased the level of butyrate in the colon of weaned piglets
(Guerra-Ordaz et al., 2013). As probiotics have species/strain-specific
characteristics in response to pathogen infections, pretreatment with
Bifidobacterium longum subsp. infantis CECT 7210 did not affect the le-
vels of butyrate and propionate in the colon of weaned piglets chal-
lenged with Salmonella (Barba-Vidal et al., 2017). The severity of Sal-
monella infection was negatively correlated with the levels of both total
SCFAs and butyrate in the cecum (Borton et al., 2017). It is important to
verify that SCFAs provided as supplements reach the site of action,
while not being absorbed in the upper GIT and inducing supraphysio-
logic concentrations in the peripheral blood and organs that could
cause unexpected physiologic responses (Suez and Elinav, 2017; Koh
et al., 2016). Supplementation of tributyrin and lactitol did not alter in
concentrations of SCFAs in the cecum of weaned piglets (Piva et al.,
2008). Furthermore, tributyrin supplementation did not affect butyrate
and propionate concentrations in the cecum of weaned piglets chal-
lenged with lipopolysaccharide, but maintained the cecal acetate fer-
mentation (Gu et al., 2017). However, in mouse models, tributyrin
supplementation could restore butyrate concentrations in the large in-
testine, maintain epithelial hypoxia and restrict Salmonella expansion
(Rivera-Chavez et al., 2016; Byndloss et al., 2017). Although exogenous
supplementation with coated butyric acid is a promising means of
controlling Salmonella infections in weaned piglets, the effects of so-
dium butyrate depend not only on the dosage of supplementation but
also on the period (before v. after weaning) of its oral administration
(Boyen et al., 2008). A physiological dose of sodium butyrate supple-
mentation could influence the intestinal anatomy and physiology in
weaned piglets (Le Gall et al., 2009). Prebiotics have also shown pro-
mise in enhancing the production of SCFAs in the gut (Vermeulen et al.,
2017), but the beneficial effects depend upon the structure and activity
of the host microbiome (Suez and Elinav, 2017).

At low concentrations, both butyrate and propionate decrease the
expression of virulence genes of Salmonella pathogenicity island 1
(SPI1), such as sipA, sopB, sopD, sopE2, hilA, hilD, and invF (Gantois
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et al., 2006; Vermeulen et al., 2017). As S. Infantis CAU1508 carries
several virulence genes (sipA, sopB, sopD and sopE2), higher con-
centrations of propionate and butyrate might also be involved in re-
ducing the invasive potential of S. Infantis. In contrast, a previous study
showed that an increase in the concentration of acetate in the distal
ileum has the opposite effect of butyrate and propionate, providing a
signal for the expression of invasion genes in Salmonella (Lawhon et al.,
2002). L. johnsonii L531 adhered well to porcine jejunal epithelial cells
and produced higher amounts of metabolites in vitro, in agreement with
the results of in vivo experiments. Considered in light of our results,
these observations suggest that screening for probiotics exhibiting
better adhesion to porcine colonic and cecal epithelial cells would be
beneficial. Moreover, organic acids also increase acidity and lower the
pH in the gut, creating environmental conditions unsuited to the sur-
vival of Salmonella (Ashayerizadeh et al., 2017).

In conclusion, the results of our study suggest that supplementation
with the SCFAs-promoting probiotic L. johnsonii L531 is a viable me-
tabolite-based alternative to classical probiotics for the control of
Salmonella infections. SCFAs-promoting probiotic L. johnsonii L531
helps maintain metabolic homeostasis and enhances the host’s ability to
control the microbial organ and prevent its disruption by infecting
Salmonella, thus providing significant benefits in terms of growth per-
formance and health in piglets during the critical weaning period.
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