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ABSTRACT Structural disruption of the gut microbiota and impaired goblet cell
function are collateral etiologic factors in enteric diseases. Low, moderate, or high
doses of a Bacillus licheniformis-B. subtilis mixture (BLS mix) were orally administered
to piglets of genotype MUC4 that are supposed to be F4-expressing enterotoxigenic
Escherichia coli strain (F4* ETEC) F4ab/ac receptor negative (i.e., MUC4-resistant pig-
lets) for 1 week before F4* ETEC challenge. The luminal contents were collected
from the mucosa of the colon on day 8 after F4*™ ETEC challenge. The BLS mix at-
tenuated E. coli-induced expansion of Bacteroides uniformis, Eubacterium eligens,
Acetanaerobacterium, and Sporobacter populations. Clostridium and Turicibacter popu-
lations increased following F4* ETEC challenge in pigs pretreated with low-dose BLS
mix. Lactobacillus gasseri and Lactobacillus salivarius populations increased after ad-
ministration of BLS mix during E. coli infection. The beneficial effects of BLS mix
were due in part to the expansion of certain Clostridium, Lactobacillus, and Turicibac-
ter populations, with a corresponding increase in the number of goblet cells in the
ileum via upregulated Atohl expression, in turn increasing MUC2 production and
thus preserving the mucus barrier and enhancing host defenses against entero-
pathogenic bacteria. However, excessive BLS mix consumption may increase the risk
for enteritis, partly through disruption of colonic microbial ecology, characterized by
expansion of Proteobacteria and impaired goblet cell function in the ileum. Our find-
ings suggest that oral administration of BLS mix reprograms the gut microbiota and
enhances goblet cell function to ameliorate enteritis.

IMPORTANCE The present study is important for improving our understanding of the
protective role of probiotics against Escherichia coli infection in piglets. Structural disrup-
tion of the gut microbiota and impaired goblet cell function are collateral etiologic
factors in enteric diseases. In this study, low, moderate, or high doses of a Bacillus
licheniformis-B. subtilis mixture (BLS mix) were orally administered to MUC4-resistant
piglets for 1 week before the F4-expressing ETEC strain (F4" ETEC) challenge. Our
findings suggest that oral administration of BLS mix reprograms the gut microbiota
and enhances goblet cell function to ameliorate enteritis.
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usceptibility to enterotoxigenic Escherichia coli (ETEC) expressing the F4 fimbriae,

mainly F4ab and F4ac, is dominantly inherited in neonatal and postweaning piglets
(1). ETEC-related postweaning diarrhea (PWD) in piglets is an important cause of
economic losses in swine farming (2). The F4 fimbria-mediated initial anchor to the F4
receptors on the intestinal brush border allows for ETEC colonization of the porcine
intestine (3). Delivery of heat-labile (LT) and/or heat-stable (ST) enterotoxins and release
of lipopolysaccharide (LPS) to the intestine are critical virulence traits for the onset of
the diarrhea. Moreover, ETEC and other diarrheagenic E. coli strains (e.g., enteropatho-
genic E. coli [EPEC] and verocytotoxigenic E. coli [VTEC]) may obtain additional virulence
factors via horizontal gene transfer (4, 5). Formation of attachment and effacing (A/E)
lesions on intestinal cells is related to the presence of intimin (eae gene) secreted by
EPEC/ETEC (6). Binding of intimin to translocated intimin receptor (Tir) that was inserted
into host epithelial cell membrane contributes to bacterial intimate attachment to the
host cell (2). In pigs, some ETEC strains of 0149 serotype that cause PWD possess
additional genes that encode Shiga toxin 2e (Stx2e) (7). In practice, breeding programs
with F4 receptor-negative pigs are feasible ways for controlling F4-expressing (F4™)
ETEC-related diarrhea, and a polymorphism in the mucin 4 gene (MUC4) has been
developed to allow genotyping for determination of ETEC F4ab/ac receptor resistance
or susceptibility. However, susceptibility toward ETEC F4ab/ac is not governed only by
the MUC4 gene in pigs, since positive adhesion of F4ab/ac ETEC occurs in more than
30% of pigs of genotype MUCH4 that are supposed to be ETEC F4ab/ac receptor negative
(i.e., MUC4 resistant) and more receptors for F4 fimbriae have been discovered (8, 9). We
recently found that an F4* ETEC hybrid expressing virulence factors STb, LT, Stx2e,
attaching and effacing intimin (eae), translocated intimin receptor (tir), escV, and E.
coli-secreted protein A (espA) can also cause enteritis and/or fever in MUC4-resistant
piglets (10). The exact mode of action of F4* ETEC in this regard remains largely
unknown.

Host-microbe interactions play vital roles in maintaining physiologic and immuno-
logic intestinal homeostasis. F4* ETEC challenge results in increased coliform shedding
and reduced Lactobacillus and Bifidobacterium counts in the feces of newly weaned pigs
(11). Moreover, culture or targeted molecular biology-based analyses provide an in-
complete profile of the microbiota. Next-generation high-throughput sequencing of
PCR amplicons from the 16S rRNA genes has been used for high-resolution surveys of
microbiota communities, and this technological development has facilitated detailed
analysis of the microbiota structure (12). The microbial ecosystem of the swine gut
changes across growth stages, and these variations in the gut microbiota are driven by
a variety of factors, including exogenous bacteria (13). The complete profile of ETEC-
induced alterations in the intestinal microbiota of pigs and the potential contribution
of these alterations to the development of diarrhea still remain largely unexplored,
however.

It has become increasingly evident that both specific intestinal bacterial species and
the microbiota community as a whole can exert either pathogenic effects that facilitate
disease progression or probiotic effects that enhance intestinal health. In swine, litters
from sows fed Bacillus subtilis (3.75 X 10> CFU/g feed) exhibit greater weaning weight
(14). Oral supplementation with B. subtilis spores increases the abundance of Lactoba-
cillus species in the colon of pigs (14). Our previous studies using an E. coli model
showed that pretreatment with certain probiotics, such as Lactobacillus rhamnosus or
various Bacillus strains, ameliorates infectious enteritis or diarrhea in newly weaned
piglets; however, there is a risk that high-dose probiotic pretreatment may negate the
preventative effects (10, 15).

The mucus layer overlying the epithelium, produced by secretory goblet cells (GCs),
separates the vast majority of the commensal microbiota from the intestinal epithelial
cell (IEC) layer and is an important mediator of interactions between the microbiota and
IECs. In the intestine, the transcriptional activation of the atonal homolog 1 gene
(AtohT) promotes the secretory GC lineage (16). There is a very high diversity of
mucosa-associated microbiota in weaned pigs, and pyrosequencing analysis of the 16S
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rRNA gene amplicon revealed that 132 and 198 operational taxonomic units (OTUs)
were assigned in the mucosa of the ileum and the colon, respectively (17).

In the present study, we examined the effects of a selected Bacillus licheniformis-B.
subtilis mixture (BLS mix) on the gut microbiota and GC function. We also evaluated the
fate of GCs affected by BLS mix via regulation of antagonistic interplay between
Notch/Hes1 and Atoh1 in the small intestine of newly weaned MUC4-resistant piglets
following F4* ETEC challenge.

RESULTS

Clinical status. Before E. coli challenge, all pigs had a normal rectal temperature of
39.3 *= 0.29°C. At 48 h after E. coli challenge, a rapid increase in rectal temperature to
40.2 * 0.31°C was measured in E. coli-challenged pigs compared with that of pigs in the
CONT group (who received oral administration of sterile physiological saline) (P =
0.022) (see Fig. S1 in the supplemental material). The MDBE pigs (who received oral
administration of a moderate-dose probiotic mixture [7.8 X 108 CFU/day] and oral
challenge with F4* ETEC) and HDBE pigs (who received oral administration of a
high-dose probiotic mixture [3.9 X 10° CFU/day] and oral challenge with F4* ETEC) also
showed a rectal temperature of >40°C at 72 h after E. coli challenge, while the CONT
pigs and LDBE pigs (who received oral administration of a low-dose probiotic mixture
[3.9 X 108 CFU/day] and oral challenge with F4* ETEC) still had a normal rectal
temperature after E. coli challenge. The rectal temperature of ETEC group pigs (who
received oral administration of sterile physiological saline and oral challenge with F4*
ETEC [1 X 10'° CFU/day]) and of MDBE and HDBE pigs remained higher than that of
CONT (P = 0.039, P = 0.041, and P = 0.003, respectively) and LDBE (P = 0.010, P =
0.013, and P < 0.001, respectively) pigs until 144 h after challenge.

The effects of oral administration of different doses of BLS mix on diarrhea scores of
newly weaned pigs before and after E. coli challenge are shown in Fig. S2 and Table S1
in the supplemental material. During week 1 (prior to the E. coli challenge), 2 pigs each
in the CONT and HDBE groups and 1 pig each in the ETEC and MDBE groups exhibited
naturally acquired severe diarrhea lasting for 1 day due to weaning (environmental,
psychological, and dietary) stress; however, only 1 pig in the LDBE group had mild
diarrhea by day 4. During week 2, 1 pig in the ETEC group and 2 pigs in the MDBE group
exhibited mild diarrhea lasting for 1 day following E. coli challenge. In the HDBE group,
1 pig and 2 pigs exhibited mild and severe diarrhea lasting for 1 day, respectively (Table
S1). The diarrhea score distributions in week 1 and week 2 for the 5 groups were
unaffected by the challenge (Fig. S2). When presented as pig-days with diarrhea, no
difference in incidence of diarrhea was found among the 5 groups (Table S1).

In the first 2 weeks following the challenge, the average daily weight gain and feed
intake were lower in ETEC pigs than in CONT pigs (P = 0.011 and P = 0.018,
respectively), but there were no differences in average daily weight gain in the LDBE,
MDBE, or HDBE pigs compared with the CONT pigs and the average daily feed intake
was higher in the LDBE, MDBE, and HDBE pigs than in the ETEC pigs (Table S2).

Characterization of the colonic microbiota of pigs. The raw data set consisted of
2,590,014 reads. After quality trimming and chimera checking, a total of 1,463,870
high-quality 16S rRNA gene reads with a median read length of 272 bp were obtained
from each sample, with an average of 672 *= 39 OTUs and 48,796 * 10,127 reads per
sample. This sequencing depth almost reflected the total microbial species richness,
and the majority of OTUs were present at low abundance, as shown by the Shannon
diversity, rarefaction, and rank abundance curves (Fig. S3). The numbers of OTUs
observed and the Shannon index values did not differ among the five groups.

Sixteen phyla, including one candidate division (TM7), were identified in the colonic
microbiota of all samples (Fig. TA). The colonic microbiota was dominated by Bacte-
roidetes and Firmicutes populations (regardless of treatment), which constituted >52%
and 27% of the total abundance, respectively. Other represented phyla included the
Spirochaetae, Tenericutes, and Proteobacteria, with relative abundances in the colonic
microbiota of >1% of the total abundance (Table S3).
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FIG 1 Colonic microbiota profile of F4+ ETEC-infected pigs pretreated with BLS mix. The MUC4-resistant pigs received sterile physiological
saline orally (CONT), received sterile physiological saline orally followed by F4* ETEC (1.0 X 10'° CFU/day, per os [p.o.]) challenge (ETEC),
were pretreated with a low dose of BLS mix (3.9 X 108 CFU/day, p.o.) for 1 week followed by F4* ETEC challenge (LDBE), were pretreated
with a moderate dose of BLS mix (7.8 X 108 CFU/day, p.o.) for 1 week followed by F4+ ETEC challenge (MDBE), or were pretreated with
a high dose of BLS mix (3.9 X 10° CFU/day, p.o.) for 1 week followed by F4* ETEC (HDBE). The colonic contents from the indicated pigs
were collected on day 15 after weaning (1 week after F4+ ETEC challenge), and high-throughput sequencing analysis of the PCR-amplified
16S rRNA gene V4 region was performed. (A) Colonic microbiota profiles shown at the phylum level. Stacked bars show the combined
phylum-level relative abundance of the colonic microbiota per animal. (B) Histograms based on the relative abundance of OTUs per
animal. Colors are assigned for all phyla detected. The heat map shows genera (as identified by comparing the 16S rRNA gene sequences
against the Silva (SSU117/119) database via the Ribosomal Database Project (RDP) naive Bayesian classifier at a bootstrap cutoff of 80%)
with a relative abundance greater than 0.1% of the total abundance per animal in CONT (C), ETEC (E), LDBE (L), MDBE (M), and HDBE (H)
groups. The relative abundance of each genus is indicated by a color gradient from blue (low abundance) to red (high abundance). Genera
are clustered to the left based on relative abundance. A letter (C, E, L, M, or H) plus a digit (1 to 6) represents an individual animal in the
corresponding groups.
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In total, usable sequences from the colonic microbiota were classified into 120
genera, including 105, 106, 108, 100, and 114 genera in the CONT, ETEC, LDBE, MDBE,
and HDBE pigs, respectively. The 13 most abundant genera (with an average relative
abundance of >1%) accounted for 64% of the total abundance and included Prevotella,
Prevotella uncultured, Ruminococcaceae uncultured, RC9 gut group, S24-7 “norank”
(sequences that could be assigned to the family and species levels with no rank at the
genus level), Parabacteroides, Spirochaetae, Phascolarctobacterium, Faecalibacterium,
Ruminococcaceae incertae sedis, Subdoligranulum, Treponema, and Oscillospira classifi-
cations based on taxonimic assignment by comparing the 16S rRNA gene sequences
against the Silva (SSU117/119) database via the Ribosomal Database Project (RDP) naive
Bayesian classifier at a bootstrap cutoff of 80% (Table S3).

A heat map-based analysis of the 42 colonic genera from the 1,046 filtered OTUs
that had relative abundances greater than 0.001 (i.e., the read number of an OTU
divided by the total number of reads should provide a value of >0.001) indicated that
there may be differences in the colonic microbial genera between individual pigs
(Fig. 1B).

BLS mix pretreatment affected the community structure of the colonic micro-
biota during E. coli infection. To measure the degree of similarity between microbial
communities, beta diversity metrics were calculated. Principal-component analysis
(PCA) based on OTU abundance and principal-coordinate analysis (PCoA) based on
unweighted UniFrac distance metrics were performed to provide an overview of the
similarities or differences between each individual animal on the basis of their colonic
microbiota composition and the treatments (Fig. 2).

Despite large interindividual variations, PCA separated ETEC pigs from CONT pigs
(Fig. 2A). Scores for pigs pretreated with BLS mix were distributed between those for
CONT pigs and ETEC pigs, suggesting that BLS mix administration shifted the overall
structure of the F4+ ETEC-disrupted colonic microbiota toward that of CONT pigs. The
PCA scores of LDBE and MDBE pigs were close to those of CONT pigs, whereas the PCA
scores of HDBE pigs, with the exception of pig H2, were separated from those of CONT
pigs.

Unweighted UniFrac distances take into account the presence/absence of bacterial
taxa. PCoA1 based on unweighted UniFrac distances, accounting for 26.89% of total
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FIG 2 Phylogenetic differences in colonic microbiota in response to F4* ETEC infection and BLS mix intervention. Two-dimensional OTU
abundance-based principal-component analysis (PCA) (A) and unweighted UniFrac distance metric-based principal-coordinate analysis
(PCoA) (B) were performed to compare phylogenetic differences of the colonic microbiota of piglets challenged with F4+ ETEC and
pretreated with BLS mix. Each point corresponds to an individual animal and each color to a different treatment (see Fig. 1B legend for
details). The percentage of variation explained by plotted principal components or principal coordinates is indicated in the axis labels.
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variance, predominantly reflected F4* ETEC and high-dose BLS mix treatment-related
changes in the colonic microbiota composition, as PCoA1 separated HDBE and ETEC
pigs from CONT, LDBE, and MDBE pigs (Fig. 2B). PCoA scores of LDBE and MDBE (but
not HDBE) pigs were close to those of CONT pigs, indicating that low-dose and
moderate-dose (rather than high-dose) BLS mix administration attenuated F4+ ETEC-
induced disruption of the colonic microbiota.

The structures of the sample communities were altered by treatments (P < 0.05), as
determined by unweighted UniFrac distances. However, the comparison R value (0.221)
in the ANOSIM test and the R? value (0.213) in the ADONIS test were low, indicating that
the degree of separation was limited.

BLS mix pretreatment altered the colonic microbiota during E. coli infection. At
the phylum level, the proportion of Proteobacteria in the colonic microbiota of HDBE
(but not LDBE or MDBE) pigs was higher than that of CONT pigs (P = 0.040). The
abundance of Tenericutes was lower (P = 0.006) in ETEC pigs, even in pigs pretreated
with BLS mix.

The Clostridia, as a phylogenetic class, was abundant in the colonic microbiota, and
the proportion of Clostridia species in MDBE and HDBE (but not LDBE) pigs was lower
(P = 0.018 and P = 0.043, respectively) than that in ETEC pigs (Fig. 3B). The abundance
of the class Negativicutes was higher (P = 0.04) in the colonic microbiota of MDBE pigs
than in that of ETEC pigs.

The abundances of distinct bacterial families differed among the five groups.
Compared with either CONT or ETEC pigs, MDBE pigs had a higher abundance of
Lactobacillaceae (P = 0.043 and P = 0.034, respectively) (Fig. 3C). The proportion of
Clostridiaceae in the colonic microbiota of LDBE pigs (but not MDBE or HDBE pigs) was
higher than that of CONT and ETEC pigs (P = 0.041 and P = 0.023, respectively).

A total of 12 genera exhibiting differential abundances were identified among the
five groups; these genera belonged to the orders Bacteroidales, Lactobacillales, Clos-
tridiales, and Erysipelotrichales (Fig. 3D; see Table S4 in the supplemental material). The
genus Lactobacillus was enriched in MDBE pigs compared with that in ETEC pigs (P =
0.034). The LDBE pigs had a higher abundance of Clostridium than did CONT or ETEC
pigs (P = 0.041 and P = 0.023, respectively). Of the members of the Clostridiales,
Acetanerobacterium (0.0017% = 0.0008% versus 0%) and Sporobacter (0.0039% =
0.0012% versus 0%) were more abundant in ETEC pigs than in CONT pigs (P = 0.035
and P = 0.014, respectively). LDBE (but not MDBE or HDBE) pigs had a higher
abundance of Turicibacter (P = 0.002) than did ETEC pigs.

Because of the relatively short average read length, only a small number of se-
quences (26.33%) were classified at the species level, and some species exhibited
differential abundances (Fig. 3E). Compared with the proportions in CONT pigs, the
proportions of Bacteroides uniformis and Eubacterium eligens were higher (P = 0.029
and P = 0.020, respectively) in ETEC pigs, but this was not the case in pigs pretreated
with BLS mix. Compared with the abundances in ETEC pigs, the abundances of
Lactobacillus gasseri and Lactobacillus salivarius were higher in MDBE pigs but not in
LDBE and HDBE pigs (P = 0.036 and P = 0.029, respectively). The proportion of
Streptococcus hyointestinalis was higher in the colonic microbiota of LDBE pigs than in
ETEC pigs (P = 0.022).

Quantitative PCR (qPCR) analysis of colonic total bacterial loads and Lactoba-
cillus abundance. Compared with that in ETEC pigs, the total abundance of bacterial
16S rRNA genes increased in LDBE and MDBE pigs (P = 0.021 and P = 0.015,
respectively) but not in HDBE pigs (Fig. 4A). In contrast, the total bacterial 16S rRNA
gene abundance was lower in HDBE pigs than in CONT, LDBE, and MDBE pigs (P =
0.005, P < 0.001, and P < 0.001). Similarly, the absolute abundances of colonic
lactobacilli decreased in HDBE pigs compared with those in CONT, LDBE, and MDBE
pigs (P = 0.001, P = 0.002 and P < 0.001) (Fig. 4B), whereas the absolute lactobacillus
levels increased in MDBE pigs compared with ETEC pigs (P < 0.001).

BLS mix consumption increased Lactobacillus counts but decreased coliform
counts in the large bowel during E. coli infection. The excretion of viable BLS mix
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FIG 3 BLS mix pretreatment altered the colonic microbiota during F4* ETEC infection. The MUC4-resistant pigs received sterile
physiological saline orally (CONT group), received sterile physiological saline orally followed by F4*+ ETEC (1.0 X 10'® CFU/day, p.o.)
challenge (ETEC), were pretreated with a low dose of BLS mix (3.9 X 108 CFU/day, p.o.) for 1 week followed by F4+ ETEC challenge
(LDBE), were pretreated with a moderate dose of BLS mix (7.8 X 108 CFU/day, p.o.) for 1 week followed by F4* ETEC challenge (MDBE),
or were pretreated with a high dose of BLS mix (3.9 X 10° CFU/day, p.o.) for 1 week followed by F4* ETEC (HDBE). Differences in relative
abundance of colonic microbiota from the five indicated treatment groups are shown at the phylum (A), class (B), family (C), genus (D),
and species (E) levels. At the genus level (D), colors are assigned for each genus detected differentially, and stacked bars show the
combined relative abundance of each genus. Data are pooled for each given treatment and are represented as means = standard errors
of the mean (SEM) (n = 6 per group). ¥, P < 0.05; **, P < 0.01.

spores in feces of pigs was measured on days 9, 12, and 14 (after withdrawal of BLS mix
spores). In LDBE pigs, viable BLS mix spores were detected from day 9 to day 14,
ranging from 5.45 X 10° * 2.85 X 10° CFU g~ of feces (mean = SD) to 5.25 X 10% =
1.05 X 10% CFU g~ " of feces. On day 9, 8.03 X 10° = 2.33 X 10° and 3.60 X 107

I+
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FIG 4 Quantification of bacterial loads and lactobacilli abundance in colonic contents. The colonic contents from animals in
the indicated groups were collected on day 15 after weaning (1 week after F4+ ETEC challenge). Total bacterial (A) and
lactobacillus (B) copy numbers were determined by qPCR analysis. Results are presented as log,, copies/g colonic contents.
Data are presented as means = SEM (n = 6 per group). *, P < 0.05; **, P < 0.01; ***, P < 0.001.

1.02 X 107 BLS mix spores g~ ' of feces were found in MDBE and HDBE pigs,
respectively, and decreases in viable BLS mix spore counts in MDBE and HDBE pigs were
observed on days 12 (8.75 X 10> = 7.87 X 10° versus 2.62X 10 £ 2.27 X 10° spores
g~ of feces) and 14 (2.08 X 10> = 1.62 X 10° versus 7.83X 10° * 9.95 X 10% spores
g~ of feces). Viable BLS mix spores in feces from CONT and ETEC pigs remained culture
negative until the end of the experiment on day 14.

Prior to F4* ETEC challenge, HDBE pigs had lower (P = 0.011) fecal Lactobacillus
counts 7 days after BLS mix pretreatment than CONT pigs (Fig. 5A). On day 9, fecal
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FIG 5 Culture-based enumeration of lactobacilli and coliforms in the fecal and intestinal microbiota. Fresh fecal samples
from animals of the indicated groups were collected on days 1, 4, 7, 9, and 12 after weaning, and the contents of the
midjejunum, distal ileum, cecum, and midcolon were collected on day 15 after weaning (1 week after F4* ETEC challenge).
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FIG 6 Orally administered BLS mix ameliorates the F4+ ETEC-induced decrease in the number of ileal goblet cells via increasing Atoh1
expression. The MUC4-resistant pigs received sterile physiological saline orally (CONT), received sterile physiological saline orally followed
by F4+ ETEC (1.0 X 10'° CFU/day, p.o.) challenge (ETEC), were pretreated with a low dose of BLS mix (3.9 X 108 CFU/day, p.o.) for 1 week
followed by F4+ ETEC challenge (LDBE), were pretreated with a moderate dose of BLS mix (7.8 X 108 CFU/day, p.o.) for 1 week followed
by F4+ ETEC challenge (MDBE), or were pretreated with a high dose of BLS mix (3.9 X 10° CFU/day, p.o.) for 1 week followed by F4* ETEC
(HDBE). Jejunal and ileal tissues were collected from animals from the indicated groups 1 week after F4* ETEC challenge. (A) Numbers
of goblet cells in the jejunum and ileum tissues determined by alcian blue/periodic acid-Schiff (AB-PAS) staining. The left panels show
representative photomicrographs of AB-PAS-stained tissues. Scale bars, 50 um. The right panels are histograms showing the numbers of
goblet cells in the jejunum and ileum tissues collected from animals from the indicated groups. (B) Relative expression of mRNA for the
MUC2, Atoh1, and Hes1 genes analyzed by quantitative real-time PCR. Data are presented as means * SEM for each tissue (n = 6 per

group). %, P < 0.05; **, P < 0.01; ***, P < 0.001.

Lactobacillus counts were higher in MDBE pigs than in either CONT or ETEC pigs (P =
0.035 and P < 0.001, respectively). In contrast, fecal coliform counts decreased in MDBE
piglets 12 days after BLS mix pretreatment compared with that in CONT (P = 0.021) or
ETEC (P = 0.010) pigs (Fig. 5B).

On day 15 (1 week after F4* ETEC challenge), Lactobacillus counts in the ileal
contents from HDBE pigs (but not LDBE or MDBE pigs) were lower than those from
CONT or ETEC pigs (P = 0.005 and P = 0.006, respectively) (Fig. 5C). In the colonic
contents, Lactobacillus counts were higher in MDBE pigs than in CONT or ETEC pigs
(P = 0.016 and P = 0.008, respectively). In contrast, coliform counts were lower in the
cecal and colonic contents from MDBE pigs (P = 0.003 and P = 0.006, respectively) than
in those from CONT pigs (Fig. 5D). Coliform counts in the ileal and colonic contents
from MDBE pigs were also lower than those from ETEC pigs (P = 0.012 and P = 0.006,
respectively).

The pH values of the jejunum, ileum, cecum, and colon contents of the five groups
were unchanged on day 15 (data not shown).

Moderate-dose BLS mix consumption ameliorated E. coli-induced decreases in
the number of ileal GCs via increasing AtohT mRNA expression. No differences were
observed among the five groups with respect to the number of GCs in the jejunum (Fig.
6A). However, the number of ileal GCs was lower in ETEC pigs than in CONT pigs (P =
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0.027), whereas the number of GCs in MDBE pigs was higher than that in either CONT
or ETEC pigs (P = 0.049 and P < 0.001, respectively).

Compared with that in either CONT or ETEC pigs, the expression levels of MUC2 (P =
0.003 and P < 0.001, respectively) and Atoh1 (P = 0.047 and P = 0.015, respectively)
mRNA in the ileum of MDBE pigs were upregulated (Fig. 6B). The expression of AtohT
mRNA was lower (P = 0.016) in ileal tissues from HDBE pigs than in those from CONT
pigs. No changes were observed among the five groups with respect to Hes7 mRNA
expression in the small intestine (Fig. 6B).

DISCUSSION

This study was a further analysis of samples collected during experiments performed
in previous works (10, 18). The incidence of diarrhea in newly weaned MUC4-resistant
pigs was unaffected following F4* ETEC challenge or probiotic BLS mix treatment.
However, oral inoculation of those pigs with F4™ ETEC resulted in enteritis in the small
intestine and excessive systemic inflammatory responses characterized by an increase
in production of the proinflammatory cytokine tumor necrosis factor alpha (TNF-«) and
poor clinical outcomes with fever, depression, anorexia, and weight loss (10). Abnormal
changes in the gut microbiota after weaning increase susceptibility to enteric pathogen
infections and may predispose the host to enteric diseases. The mucus layer produced
by GCs separates the bacteria from direct contact with the host epithelium, and the gut
microbiota also influences mucus permeability. The use of probiotics is regarded as a
rational microbiota-targeted strategy for managing enteric pathogen infections by
boosting the growth of natural “competitors” in the gut microbiota. Probiotic BLS mix
treatment had a dose effect on the clinical symptoms. Oral administration of BLS mix
improved growth performance, which was characterized by an increase in average daily
weight gain and a higher average daily feed intake. Administration of a low-dose BLS
mix, but not a moderate- or high-dose BLS mix, to pigs ameliorated fever and enteritis
by F4+ ETEC.

Alpha diversity is unaffected by BLS mix pretreatment during E. coli infection.
Despite a large intragroup variation due to the small sample size, we revealed different
patterns of gut microbiota in pigs following E. coli challenge and BLS mix supplemen-
tation. Although F4+ ETEC infection induces distinct changes in microbiota structure,
recovery of the colonic microbial ecology by administration of low- or moderate-dose
BLS mix results in a return to a common coordinate space shared by untreated control
animals. Consistent with a previous study examining fecal bacterial diversity in swine
(19), the luminal microbiota of the colons of pigs at 5 weeks of age is dominated by
Bacteroidetes, Firmicutes, Spirochaetae, Tenericutes, and Proteobacteria populations. In
humans, the gut microbiota can be influenced by age, physiologic variations, and
geography (20). Indeed, an increased Firmicutes-to-Bacteroidetes ratio in the gut micro-
biota was also found in advanced-age pigs (21). An increased ratio of Firmicutes to
Bacteroidetes divisions has been associated with improved energy-harvesting capacity
(22). However, travelers who develop diarrhea have a signature dysbiotic gut micro-
biome profile characterized by a high Firmicutes-to-Bacteroidetes ratio (23).

Treatment with the growth-promoting antibiotic chlortetracycline results in a de-
crease in the abundance of Turicibacter species belonging to the phylum Firmicutes in
the ileal microbiota of pigs (24). In contrast, Turicibacter abundance was shown to
decrease in dogs with inflammatory bowel disease (25), indicating that some Turicibac-
ter species may have a favorable effect on gut health. The increased abundance of
Turicibacter species in pigs pretreated with low-dose BLS mix during F4*+ ETEC infection
in the present study may have been a consequence of BLS mix treatment, which
contributed to defense against enteropathogenic bacteria.

Some members of the Firmicutes phylum generate butyrate from acetate, which in
turn is used by the gut epithelium, whereas members of Bacteroidetes in general
possess a greater number of glycan-degrading enzymes than members of Firmicutes
and signal the host to produce mucosal glycans that the Bacteroidetes can utilize (26).
Expanded abundance of Bacteroidetes (Prevotellaceae) and TM7 bacteria increases the
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risk of colitis in mice (27). Moreover, oral administration of Bacteroides uniformis CECT
7771 increases the production of TNF-a by dendritic cells in response to LPS stimulation
in mice (28). The orally administered BLS mix attenuates F4* ETEC-induced increases in
the abundance of B. uniformis and Eubacterium eligens, which belong to the phyla
Bacteroidetes and Firmicutes, respectively. It is difficult to determine whether dysbiosis
of the gut microbiota drives and/or is a consequence of disease development. The
results of the present study clearly indicate that enteritis induced by F4™ ETEC is closely
associated with gut microbiota dysbiosis rather than simply expansion of a particular
pathogen. Manipulation of the intestinal microbiota via the probiotic BLS mix thus
holds great promise for controlling enteric infections.

In the present study, an increased abundance of Lactobacillaceae populations,
driven by increases in the proportion of lactic acid-producing Lactobacillus species,
mainly L. gasseri and L. salivarius, was observed following administration of a moderate-
dose BLS mix rather than a low- or high-dose BLS mix during F4* ETEC infection.
Certain probiotic Lactobacillus strains are known to exhibit attributes related to immune
modulation, colonization resistance, intestinal barrier homeostasis, and pathogen an-
tagonism (29). In pigs, administration of L. salivarius UCC118 attenuates the incidence
and duration of diarrhea induced by Salmonella enterica serovar Typhimurium (30).
Production of the bacteriocin Abp 118 by L. salivarius leads to a reduction in the
proportion of species of the genus Bacteroides in the microbiota of pigs (31). However,
our previous studies demonstrated that excessive consumption of the probiotic L.
rhamnosus GG may disturb the established microbial ecosystem and induce a strong
proinflammatory response in weaned pigs (11, 15).

Clostridia were the most prominent spore-forming bacteria of the phylum Firmicutes
indigenous to the colonic microbiota of pigs in the present study. Although Clostridia
species are traditionally associated with pathogenicity, recent research has shown that
some members of the Clostridia can be beneficial to host health. Precision microbiome
reconstitution with a human-derived Clostridium scindens strain was shown to restore
bile acid-mediated resistance to Clostridium difficile in mice (32). A combination of 17
strains within the Clostridia, including some strains from the human microbiota, syn-
ergistically assist in the accumulation of CD4* FOXP3* regulatory T (Treg) cells in the
colon lamina propria in germfree mice and also ameliorate colitis and allergic diarrhea
(33). Dietary supplementation with Bacillus coagulans increases populations of Clostrid-
ium lituseburense in elderly volunteers (34). Interestingly, administration of low-dose
BLS mix increases the proportion of species within the Clostridium genus of the family
Clostridiaceae. It appears that orally administered BLS mix ameliorates F4* ETEC-
induced enteritis in part through increases in the abundance of various Clostridium
species, which in turn leads to an increase in the percentage of CD4+ FOXP3™* Treg cells
in MUC4-resistant pigs following F4™ ETEC infection (10). As such, the effects of the BLS
mix defined probiotic in ameliorating E. coli-induced enteritis are not solely restricted
to the gut microbiota and the probiotics, as various Clostridium species appear to play
a pivotal role in initiating the BLS mix-mediated signaling cascade that leads to
activation of Treg cells. Further work is needed to determine which probiotic Clostrid-
ium species in the pig microbiota could be exploited for tailored manipulation of
intestinal immune disorders and as a robust therapeutic option for individuals at risk of
enteric infection.

Increases in the abundance of members of the Ruminococcaceae within the class
Clostridia have been observed in inflamed colonic tissues of patients with colitis (35).
We consistently found increases in the proportions of species within the genera
Acetanaerobacterium and Sporobacter of the family Ruminococcaceae in pigs challenged
with F4™ ETEC but not in pigs pretreated with BLS mix. Enrichment of Acetanaerobac-
terium in the fecal microbiota of premenopausal women is associated with high
enterolactone production, which is negatively correlated with adiposity (36) and con-
tributes to metabolic syndrome (37). These findings suggest that both Acetanaerobac-
terium and Sporobacter may play a detrimental role in gut health.

In pigs, the ileal mucosa harbors greater bacterial diversity than the lumen and has
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a makeup similar to that of the mucosa of the large intestine, suggesting that mucosal
microbes of the ileum serve as an inoculum for the large intestine (12). High-dose BLS
mix treatment increases the abundance of members of the phylum Proteobacteria
during F4™ ETEC infection, raising the possibility that excessive BLS mix treatment
increases the risk for enteritis. It has been reported that mice harboring high levels of
Proteobacteria and TM7 bacteria have a transmissible thin and easily penetrable mucus
layer (38). High levels of Proteobacteria, especially enterobacterial species such as E. coli,
may contribute to a thinner and more penetrable mucus layer, increasing the risk of
chronic colitis (39). Research involving murine colitis models and patients with ulcer-
ative colitis indicate that MUC2, the major mucin secreted by the intestinal epithelium,
is degraded by ETEC via a secreted serine protease, EatA (40), enabling the bacteria to
penetrate the normally impenetrable mucus layer and reach the epithelium, triggering
an inflammatory response (41).

In mice, interleukin-10 (IL-10) aids in preserving the mucus barrier in the intestine
and alleviates colitis by preventing the misfolding of MUC2 and maintaining mucin
production by GCs (42). Increased secretion of granular MUC2 by GCs in mice lacking
the Tata element modulatory factor (TMF/ARA160) facilitates the growth of beneficial
Lactobacillus species and uncultured members of the Ruminococcaceae and Roseburia,
thereby endowing these mice with a transmissible reduced sensitivity to induced colitis
(43). In the present study, administration of moderate-dose BLS mix increased the
expression of MUC2 mRNA in the ileum, facilitating expansion of Lactobacillus popu-
lations and in turn enhancing the mucus barrier and activating the intestinal immune
response to F4+ ETEC challenge. Nevertheless, there is a risk that excessive expansion
of Lactobacillus populations may negate the preventative effects, thus decreasing the
prophylactic benefits against potential enteric pathogens (15, 44). Our data suggest
that a BLS mix regulates synergetic signals resulting from the specific alterations in the
intestinal microbiota and mucus production, thus inducing an immune response and
inflammation.

The mucus layer produced by GCs separates the luminal microbiota from direct
contact with epithelial cells and serves as the “gatekeeper” of the intestinal mucosal
immune system (45). The number of GCs transiently increases in the jejunum of
germfree mice conventionalized with fecal microbiota derived from conventionally
raised mice (46). The number of GCs decreased in the ileum of pigs infected with F4™
ETEC but not in pigs pretreated with BLS mix. In addition, administration of the
moderate-dose BLS mix increased the number of GCs in the ileum during F4+ ETEC
infection. Consistent with our results, B. subtilis pretreatment reduces the severity of
Citrobacter rodentium-induced diarrhea in mice, partly through inhibition of GC loss in
the colon (47). Furthermore, Bacteroides thetaiotaomicron increases the number of GCs
and the expression of mucin genes in gnotobiotic rats, whereas Faecalibacterium
prausnitzii diminishes this effect in a process involving acetate and butyrate metabolism
(48). However, increased GC hyperplasia and mucus production may also be an
indicator of inflammation (49). In the jejunum, no difference was found in the counts
of GCs, regardless of treatment. The low-pH environment in the jejunum may not be
conducive to F4™ ETEC colonization. In this study, the count of coliform bacteria in the
ileum was 10 times higher than that in the jejunum, and high-dose BLS mix supple-
mentation decreased the number of lactobacilli in the ileum. The microbiota distur-
bance may amplify the difference in GC responses to F4+ ETEC challenge and BLS mix
intervention in the ileum. Investigation of the jejunal or ileal microbiota profile is
necessary in future studies to better understand the relevance of gut microbiota
change and GC function to F4™ ETEC challenge. In germfree mice, the mucus layer of
the small intestine fails to detach from the GCs, as they cannot shed the metallopro-
tease meprin B into the luminal mucus to cleave and release MUC2 mucin (50),
indicating that the gut microbiota is important for the formation of a normal mucus
barrier. In pigs pretreated with high-dose BLS mix, MUC2 mucin anchored to GCs may
fail to release into the lumen due to decreased bacterial counts, thus weakening the
mucus barrier. Our data indicate that the increase in numbers of GCs may constitute
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FIG 7 A proposed model for the BLS mix reprogramming of the colonic microbiota and regulating the
ileal goblet cell function. In this proposed model, F4+ ETEC induced an increase in the populations of
Bacteroides uniformis, Eubacterium eligens, Acetanaerobacterium, and Sporobacter in the colonic mucosa
of MUC4-resistant weaned pigs; however, administration of BLS mix attenuated this increase. Orally fed
low-dose BLS mix increased the Clostridium and Turicibacter populations following F4*+ ETEC challenge.
Lactobacillus gasseri and L. salivarius populations increased after administration of moderate-dose BLS
mix during E. coli infection. The beneficial effects of BLS mix were due in part to expansion of certain
Clostridium, Lactobacillus, and Turicibacter populations, with a corresponding increase in the number of
goblet cells in the ileum via upregulated AtohT expression, in turn increasing MUC2 production, thus
preserving the mucus barrier and enhancing host defenses against enteropathogenic bacteria. However,
excessive BLS mix consumption may increase the risk for enteritis, partly through disruption of colonic
microbial ecology, characterized by expansion of Proteobacteria and impaired goblet cell function in the
ileum.

part of an innate defense mechanism in response to the exogenous addition of bacteria
and that the gut microbiota may be a determinant for modifying the GCs. However, the
primary results of this study require further confirmation with analysis of goblet cell
function and bacterial diversity in the same intestine sites, considering that location-
specific microbial communities vary along the intestinal tract of pigs (17).

In general, Atoh1 and Notch/Hes play opposing roles in promoting the differentia-
tion of secretory versus absorptive epithelial cells. Notch activation in differentiating
progenitors directs expression of Hes proteins that repress Atoh1 and therefore allow
differentiation into absorptive enterocytes, whereas inhibition of Notch/Hes signaling
allows for expression of Atoh1, which directs secretory lineage commitment and
differentiation (16). Administration of moderate-dose BLS mix upregulated Atoh7 mRNA
expression in the ileum, whereas high-dose BLS mix treatment inhibited Atoh1 expres-
sion. However, it has also been reported that the expression of Hes1 and Atoh1 is lower
in conventionalized mice than in germfree mice (51). Further research is needed to
confirm how changes in the gut microbiota associated with administration of the
probiotic BLS mix mediate GC fate via Hes1/Atoh1 interplay.

In conclusion, oral administration of the probiotic BLS mix enables deliberate
reprogramming of the gut microbiota, characterized by increased populations of
certain Clostridium, Lactobacillus, and Turicibacter species in the mucosa of the colon,
with a corresponding increase in the number of GCs in the ileum as a result of
upregulation of Atohl expression (Fig. 7). Upregulated Atoh1 expression in turn in-
creases MUC2 production in the ileum, thus preserving the mucus barrier and enhanc-
ing the host defense against enteropathogenic bacteria. However, excessive consump-
tion of BLS mix may increase the risk of enteritis, in part through disruption of colonic
microbial ecology, which is characterized by expanded representation of Proteobacteria
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species accompanied by impaired GC function in the ileum. The benefit and cost of a
given antibiotic alternative for a desired outcome must be weighed. Probiotic BLS mix
serves as an important strategy and alternative to antibiotics for controlling enteric
pathogen infection in weaned pigs with minimized costs under commercial growth
conditions, considering the development of antibiotic-resistant pathogens associated
with enteric diseases, as well as increases in the antibiotic resistance gene pool in the
swine microbiome (52). It is also important to note that the complex diversity and
unknown functional interactions between the gut microbiota impede the effort to
clearly explain how E. coli and probiotic BLS mix exert detrimental/beneficial effects by
affecting the gut microbiota and result in some inconsistency between the gut micro-
biota changes and clinical symptoms. Our findings may facilitate the identification and
development of probiotic strains for use in preventing enteric infections.

MATERIALS AND METHODS

Ethics statement. 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 CAU-AEC-2013-
073, approved by the Animal Ethics Committee of the China Agricultural University. All surgeries were
performed under sodium pentobarbital anesthesia, and every effort was made to minimize suffering.

Animals. A total of 30 MUC4-resistant crossbred (Landrace X Large White) piglets of mixed gender
were used in this study (10). These piglets weaned at 21 days of age and weighed 7.10 = 0.74 kg. Prior
to the start of the trial, no clinical signs of diarrhea 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 (prechallenge), and at day 15 (when
sacrificed). The individual feed intake of each pig was recorded.

Bacterial strains. The probiotic mixture BioPlus YC, containing B. licheniformis (DSM 5749) and B.
subtilis (DSM 5750) at a minimum concentration of 3.2 X 10° viable spores/g, was kindly provided by Chr.
Hansen A/S (Hersholm, Denmark).

The F4-expressing ETEC strain (F4* ETEC; serotype O149:K91, K88ac) was obtained from the China
Veterinary Culture Collection Center and grown in Luria-Bertani medium (Oxoid, Basingstoke, England).
The previous work demonstrated that this strain was positive for virulence factors STb, LT, Stx2e,
attaching and effacing intimin (eae), translocated intimin receptor (tir), escV, and E. coli-secreted protein
A (espA) (10).

Experimental design. The experimental model and treatment regimens have been described in
detail elsewhere (10, 18). In brief, on the day of weaning (day 0), the pigs were divided into five groups
of six animals per group and each group received a different treatment, as follows: (i) CONT group, oral
administration of sterile physiological saline; (ii) ETEC group, oral administration of sterile physiological
saline and oral challenge with F4* ETEC (1 X 10'° CFU/day); (ii) LDBE group, oral administration of
low-dose probiotic mixture (3.9 X 108 CFU/day) and oral challenge with F4+ ETEC; (iv) MDBE group, oral
administration of moderate-dose probiotic mixture (7.8 X 108 CFU/day) and oral challenge with F4*
ETEC; and (v) HDBE group, oral administration of high-dose probiotic mixture (3.9 X 10° CFU/day) and
oral challenge with F4+ ETEC.

Clinical examinations. The health of each animal was closely monitored throughout the experiment.
Rectal temperature and severity of diarrhea were measured as previously described (10).

Sampling of fecal and intestinal lumen contents. For microbial culturing, fresh fecal samples were
collected from all animals on days 1, 4, 7, 9, and 12. The lumen content from the midjejunum, distal
ileum, cecum, and midcolon were immediately collected after sacrifice. For quantitative PCR (qPCR)
analysis and high-throughput 16S rRNA gene sequencing analysis, the transverse colon segments were
harvested immediately after euthanasia and tied off with string ligatures. All luminal contents were
placed in cryovials without preservative, immediately snap-frozen in liquid nitrogen, and then stored in
their original tubes at —80°C until DNA extraction.

Genomic DNA extraction and purification. Total genomic DNA was extracted from 200 mg of
colonic contents using a QlAamp DNA stool minikit (Qiagen, Hilden, Germany) according to the
manufacturer’s instructions, with slight modifications. Briefly, to ensure proper lysis of bacteria, the initial
heating step was supplemented with three 5-min cycles of heating at 95°C. Subsequent procedures were
performed according to the manufacturer’s protocol. DNA was stored at —20°C until further use.

16S rRNA gene sequencing. Genomic DNA was amplified by a two-step PCR enrichment of the 16S
rRNA gene V4 hypervariable region-encoding sequences from each sample with primers 515F/806R
(Table 1), which were modified by the addition of barcodes for multiplexing using a HotStarTaq Plus
master mix kit (Qiagen) according to a custom Illumina preparation protocol. Amplicons generated from
each sample were excised from 1.5% agarose gels and subsequently purified using an AxyPrep DNA gel
extraction kit (Axygen Biosciences, Union City, CA) and quantified using a QuantiFluor ST fluorometer
(Promega, Madison, WI). A composite sample library for sequencing was created by combining equimolar
ratios of amplicons from the individual samples; the composite sample library was cleaned using an
UltraClean-htp 96-well PCR cleanup kit (Mo Bio Laboratories, Carlsbad, CA). Pooled amplicons were
paired-end sequenced (PE 2 X 250) using an lllumina MiSeq platform according to standard protocols.

Phylotype analysis. Raw fastq files were demultiplexed and quality filtered using the Quantitative
Insights Into Microbial Ecology (QIIME) pipeline (53) with the following criteria: (i) the 250-bp reads were
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TABLE 1 Sequences of oligonucleotides used in this study, lengths of the respective PCR products, and gene accession numbers

Primer
Product
Gene type and/or product? Direction® Sequence (5'—3’) size (bp) Accession no.
Bacterial genes
V4 region of 16S rRNA gene F GTGCCAGCMGCCGCGGTAA 254 NR_102804
R GGACTACHVGGGTWTCTAAT
Total bacteria F ACTCCTACGGGAGGCAGCAG 197 NR_074891
R ATTACCGCGGCTGCTGG
Lactobacilli F GCAGCAGTAGGGAATCTTCCA 145 NC_004567
R GCATTYCACCGCTACACATG
Pig genes
Hes1 F GAGAGGCGGCAAAGGTATCC 76 NM_001195231
R TTGGGGATGAGGAAGGCAAAA
Atoh1 F GGAAGGTGACAGAAACTCGGA 105 XM_003129319
R GCAGAAGGGAAAAGGTTGCG
MuUC2 F ACCCGCACTACGTCACCTTC 150 BX671371
R GGCAGGACACCTGGTCATTG
GAPDH F CCAGAACATCATCCCTGCTT 229 NM_001206359
R GTCCTCAGTGTAGCCCAGGA
B-Actin F CTCTTCCAGCCCTCCTTCCT 103 XM_003357928
R GCGTAGAGGTCCTCCTGATGT
HPRT F GTGATAGATCCATTCCTATGACTGTAGA 104 U69731
R TGAGAGATCATCTCCACCAATTACTT

aHes1, hairy/enhancer of split 1; Atoh1, atonal homolog 1; MUC2, mucin 2; GADPH, glyceraldehyde-3-phosphate dehydrogenase; HPRT, hypoxanthine phosphoribosyl-
transferase.
bF, forward; R, reverse.

truncated at any site receiving an average quality score of <20 over a 50-bp sliding window, and the
truncated reads that were shorter than 50 bp were discarded; (ii) there were exact barcode matching and
a maximum of two nucleotide mismatches to primer sequences; (iii) there were no ambiguous bases; and
(iv) only sequences that overlapped more than 10 bp were assembled according to their overlap
sequence. Reads that could not be assembled were discarded.

Chimeras were checked and excluded against the Silva Gold reference database (release 115;
https://www.arb-silva.de/) using the Uchime algorithm (version 4.2.40; http://drive5.com/usearch/
manual/uchime_algo.html). The resulting high-quality reads were clustered into OTUs using a closed-
reference OTU picking protocol with application of Usearch 6.1 methodology (version 6.1.544; http://
giime.org/) to search sequences against a subset of the Silva 16S sequence database filtered at a pairwise
distance of 97% sequence identity. The most abundant sequences from each OTU were selected as
representative sequences and assigned to taxonomic classification against the Silva (SSU117/119)
database, clustered at a bootstrap cutoff of 80% via the Ribosomal Database Project (RDP) naive Bayesian
classifier (version 2.2; http://sourceforge.net/projects/rdp-classifier). Alpha diversity metrics (Shannon and
Simpson), richness (ACE and Chao1), and Good’s coverage and rarefaction were calculated to assess
bacterial diversity using the mothur program (version 1.31.2; http://www.mothur.org/wiki/Main_Page). A
heat map was generated on the basis of relative OTU abundance using R software (version 3.2.1;
https://www.r-project.org/). Phylogenetic beta diversity distances, including unweighted and weighted
UniFrac, Bray-Curtis distances, and Abund_Jaccard distances, were measured using QIIME. Principal-
component analysis (PCA) and principal-coordinate analysis (PCoA) based on unweighted UniFrac
distances were performed to visualize the similarities or dissimilarities of variables that best represented
the pairwise distances between sample groups. Before computation of beta diversity distances, samples
were randomly subsampled down to the lowest number of reads.

Quantification of total bacteria and lactobacilli by qPCR. Quantification of colonic total bacterial
and Lactobacillus 16S rRNA genes was performed using an ABI 7500 real-time PCR system (Applied
Biosystems, Foster City, CA). Each reaction mixture (20 wl) contained 2 ul of DNA template (100 ng of
DNA), 1 ul of each primer (0.5 pmol/pul, final concentration), 6 ul of distilled water (dH,0), and 10 ul of
SYBR Premix DimerEraser (TakaRa Biotechnology Inc., Dalian, China). Initial denaturation (30 s, 95°C, 1
cycle) was followed by 30 to 40 cycles of denaturation at 95°C for 15 s, annealing at 62°C for 30 s, and
extension at 72°C for 30 s. In the melting curve stage, the reaction conditions included 1 cycle of 95°C
for 15 s and 1 cycle of 60°C for 1 min. Product specificity was confirmed by a stepwise increase of the
temperature from 52 to 95°C with a plate read every 0.5°C (at a rate of 0.5°C per 10 s). Amplicon size was
verified by agarose gel electrophoresis. Primer sequences for total bacteria and lactobacilli are listed in
Table 1. Bacterial DNA standards consisted of serial 10-fold dilutions (ranging from 10° to 10'° gene
copies ul~") of known amounts of purified PCR amplicons, which were amplified from PCRs using
genomic DNA from colonic contents and the same primers listed in Table 1. R? values for the standard
curves were >0.99. Slope values for total bacteria and lactobacilli were —3.41 and —3.36, respectively,
giving estimated amplification efficiencies of 96.5% and 98.4%, respectively. Samples, standards, and
nontemplate controls were run in triplicate.
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Bacterial enumeration. One gram of fresh fecal sample or gastrointestinal contents from each
animal was homogenized in 9 ml of sterile saline solution, and serial dilutions were then plated on
eosin-methylene blue (EMB) selective agar plates for coliform culture and de Man, Rogosa, and Sharpe
(MRS) agar plates for Lactobacillus culture (Beijing Land Bridge Technology Co., Beijing, China). EMB agar
plates were incubated for 24 h at 37°C under aerobic conditions, whereas MRS agar plates were
incubated under anaerobic conditions for 48 h at 37°C. For the analysis of spore count, the fecal samples
were stored at —20°C. The number of viable B. subtilis and B. licheniformis spores in fecal samples was
determined by plate count in tryptone soy agar (Beijing Aoboxing Bio-tech Co., Beijing, China) with
incubation for 24 h at 37°C under aerobic conditions, after heat treatment at 80°C for 15 min. Results are
expressed as log,, CFU/g feces or colonic contents. All counts were performed in triplicate.

Alcian blue/periodic acid-Schiff staining and subsequent quantification. For mucin-containing
GC analysis, proximal, middle, and distal segments of the jejunum and ileum were rinsed with
phosphate-buffered saline (PBS) immediately after they were opened and then segmentally divided and
immersed in 4% paraformaldehyde for a minimum of 24 h. Jejunal and ileal tissues were then embedded
in paraffin wax and cut into 3-um-thick sections. Subsequently, representative sections were stained with
alcian blue (AB) for acidic mucin at pH 2.5 or periodic acid-Schiff (PAS) stain for neutral mucin detection
(Solarbio, Beijing, China), as described by the manufacturer. For quantification of AB/PAS staining, each
segment was visualized and photographed using an Olympus BX41 microscope (Olympus, Tokyo, Japan)
equipped with a Canon EOS 550D camera head (Canon, Tokyo, Japan). Positively stained GCs and other
absorptive epithelial cells were counted in a blind manner in a total of 10 crypts per piglet. Results are
presented as the average ratio of GC count to the count of GCs plus other absorptive epithelial cells from
the sections of proximal, middle, and distal jejunum or ileum.

Quantitative real-time PCR. Total RNA was extracted from jejunal and ileal tissue samples using
TRIzol reagent (Invitrogen). Quantitative real-time PCR was performed using SYBR Premix DimerEraser
(TaKaRa Biotechnology Inc.) on an ABI 7500 real-time PCR system (Applied Biosystems). Primer sequences
are listed in Table 1. A nontemplate control of nuclease-free water was included in each run.

Relative quantification of mRNA expression was assessed by normalizing the cycle threshold (C,)
values of the target genes to the geometric mean of the C; values of three selected housekeeping genes,
those encoding glyceraldehyde-3-phosphate dehydrogenase (GAPDH), B-actin, and hypoxanthine
phosphoribosyl-transferase (HPRT). Results are presented as fold change using the 2~22¢T method (10).

Statistical analysis. Statistical predictors of community composition were tested using analysis of
similarity (ANOSIM) and a permutational multivariate analysis of variance (ADONIS) test implemented in
QIIME based on the unweighted and weighted UniFrac, Bray-Curtis distances, and Abund_Jaccard
distances. P values were calculated using 999 permutations. By this procedure, we determined commu-
nity similarity on the basis of those taxa that were highly represented in each of the samples.

The SAS statistical software package, version 9.3 (SAS Institute Inc., Cary, NC), was used for statistical
analysis. For data of relative abundance of taxa at the phylum, class, family, genus, and species levels
from 16S rRNA gene sequencing, normal distribution and homogeneity of variance were tested with the
UNIVARIATE (Shapiro-Wilk test) and HOVTEST procedures. Nonnormally distributed data were analyzed
using the PROC GLIMMIX procedure through Poisson or negative binomial distributions that were fitted
to the data. Normalized data were tested with a mixed general linear model using PROC MIXED
procedures. Differences between the least-square means were compared using Tukey’s honestly signif-
icant difference post hoc test with multiple testing corrections applied according to the Benjamini-
Hochberg’s false discovery rate (g value), based on global P values of the variables compared. A P value
of <0.05 with a g value of <0.05 was considered indicative of significance.

Statistical evaluation of the incidence of diarrhea was performed using Pearson'’s chi-square test. The
nonparametric Friedman'’s test using procedure FREQ was carried out to compare nonnormally distrib-
uted and repeated-measure diarrhea scores. Data from rectal temperature, culture-dependent bacterium
enumeration, qPCR, and real-time PCR were analyzed using the PROC MIXED procedure. This statistical
model included the effects of treatment, litter, and sampling time, different intestinal sections, interac-
tions between treatment, and sampling time, or different intestinal sections and the random within-
treatment effect in the pigs. In addition, a repeated-measure analysis with a first-order autoregressive
covariance structure was conducted to determine the effects of treatment on fecal bacterium counts
over time within a pig. Differences between the least-square means were compared using Tukey's
honestly significant difference post hoc test and were considered significant when the P value was <0.05.

Analysis for the normal distribution and comparisons of the goblet cell counts were carried out using
the UNIVARIATE and PROC GLIMMIX procedures, as described above.

Accession number(s). The raw 16S rRNA gene sequences have been deposited in the NCBI Sequence
Read Archive database (accession number SRR2177683).
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