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Abstract 

Background Our previous study has reported that supplementation of oligosaccharide-based polymer enhances 
gut health and disease resistance of pigs infected with enterotoxigenic E. coli (ETEC) F18 in a manner similar to car-
badox. The objective of this study was to investigate the impacts of oligosaccharide-based polymer or antibiotic 
on the host metabolic profiles and colon microbiota of weaned pigs experimentally infected with ETEC F18.

Results Multivariate analysis highlighted the differences in the metabolic profiles of serum and colon digesta which 
were predominantly found between pigs supplemented with oligosaccharide-based polymer and antibiotic. The rela-
tive abundance of metabolic markers of immune responses and nutrient metabolisms, such as amino acids and car-
bohydrates, were significantly differentiated between the oligosaccharide-based polymer and antibiotic groups 
(q < 0.2 and fold change > 2.0). In addition, pigs in antibiotic had a reduced (P < 0.05) relative abundance of Lachno-
spiraceae and Lactobacillaceae, whereas had greater (P < 0.05) Clostridiaceae and Streptococcaceae in the colon 
digesta on d 11 post-inoculation (PI) compared with d 5 PI.

Conclusions The impact of oligosaccharide-based polymer on the metabolic and microbial profiles of pigs 
is not fully understood, and further exploration is needed. However, current research suggest that various mecha-
nisms are involved in the enhanced disease resistance and performance in ETEC-challenged pigs by supplementing 
this polymer.
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Background
The use of antimicrobials in swine production for dis-
ease prevention and growth promotion has resulted in 
increased public health concerns regarding antimicrobial 
resistance [1, 2]. Therefore, many functional substances 
are being investigated to enhance disease resistance in 
weaned pigs, while reducing the adverse environmental 
impacts of traditional antimicrobials [3, 4]. Dietary oli-
gosaccharides have been shown to improve performance 
and health status of pigs by reducing pathogenic bacte-
ria, such as E. coli and Salmonella [5–7], while increasing 
the number of generally considered beneficial bacteria in 
the gastrointestinal tract, such as Lactobacillus and Bifi-
dobacterium [8, 9]. The favorable effects of dietary oli-
gosaccharides may be attributed to several mechanisms, 
including serving as anti-adherence agents to prevent 
initial adherence and subsequent bacterial infection [10, 
11], and serving as fermentable substrates to promote the 
growth of beneficial bacterial strains and the production 
of short-chain fatty acids [12, 13].

Our recent study has reported that dietary supplemen-
tation of an oligosaccharide-based polymer improved 
growth performance, alleviated the severity of diarrhea, 
and enhanced gut health in weaned pigs infected with 
enterotoxigenic E. coli (ETEC) F18 [14]. The oligosaccha-
ride-based polymer is a customized substance containing 
the optimized ETEC fimbrial epitope, which is expected 
to disturb the binding of ETEC to their receptors in the 
small intestine of pigs [15, 16]. However, the exact mech-
anisms of action of this oligosaccharide-based polymer 
have not been elucidated. Carbadox is a quinoxaline-di-
N-oxide antibiotic compound used in medicated fed for 
newly weaned pigs to control enteric disease. Although 
carbadox is not a medically important antibiotic for 
humans, its mutagenic property is rising public concerns 
[2, 17]. Therefore, the objective of this research was to 
investigate the impacts of this oligosaccharide-based pol-
ymer supplementation on the host metabolic profiles and 
colon microbiota in weaned pigs experimentally infected 
with ETEC F18, in comparison to carbadox.

Materials and methods
Animals, housing, experimental design, and diet
The protocol for this study was reviewed and approved 
by the Institutional Animal Care and Use Committee 
at the University of California, Davis (IACUC #19322; 
approved June 14, 2016). A total of 48 weanling pigs 
(Yorkshire × Landrace; initial BW: 7.23 ± 1.14 kg; 21–24 
days of age) with an equal number of gilts and barrows 
were randomly assigned to one of four treatments in a 
randomized complete block design, with body weight 
within sex and litter as the blocks and pig as the experi-
mental unit. There were 12 pigs per treatment group. Pigs 

were individually housed (pen size: 0.61 m × 1.22 m) in an 
environmental control unit for 18 d, including 7 d before 
and 11 d after the first ETEC challenge (d 0). The detailed 
experimental procedures were published in Kim et  al. 
[14].

The 4 dietary treatments included: 1) Positive control: 
control diet; 2) Low dose oligosaccharide-based poly-
mer (LOW): control diet supplemented with 10 mg/kg 
of oligosaccharide-based polymer active substance; 3) 
High dose oligosaccharide-based polymer (HIGH): con-
trol diet supplemented with 20 mg/kg of oligosaccharide-
based polymer active substance; and 4) CAR: control diet 
supplemented with 50 mg/kg of carbadox. Spray-dried 
plasma, antibiotics, and high level of zinc oxide exceed-
ing recommendation and normal practice were not 
included in the diets. The experimental diets were fed to 
pigs throughout the experiment and diet formulation was 
reported in Kim et  al. [14]. The oligosaccharide-based 
polymer active substance was a glycoconjugate com-
posed of blood group A6 type 1 antigen oligosaccharides 
grafted on a single peptide of epsilon-poly-lysine. Oligo-
saccharide-based polymer active substance was designed 
and synthesized by Elicityl (France) in cooperation with 
Ghent University (Dr. Eric Cox’s laboratory) and was pro-
vided by Pancosma (Geneva, Switzerland). The mean rate 
of conjugation is 15 moles of oligosaccharide for 1 mole 
of epsilon-poly-lysine. The oligosaccharide part repre-
sents 25% of the molecular weight of the oligosaccharide-
based polymer.

After 7 d adaptation, all pigs were orally inoculated with 
3 mL of ETEC F18 for 3 consecutive days from d 0 post-
inoculation (PI). The ETEC F18 were originally isolated 
from a field disease outbreak by the University of Illinois 
Veterinary Diagnostic Lab (isolate number: U.IL-VDL # 
05–27242). The ETEC F18 expressed heat-labile toxin, 
heat-stable toxin b, and Shiga-like toxin 2. The inoculums 
were prepared by the Western Institute for Food Safety 
and Security at the University of California, Davis, and 
were provided at  1010 CFU/3 mL dose in phosphate buffer 
saline. This dose caused mild diarrhea in the current 
study, which is consistent with our previously published 
research [18, 19]. Growth performance, blood profiles, 
and immune responses were published in Kim et al. [14].

Sample collections
Twenty-four pigs (6 pigs per treatment) were selected 
randomly and euthanized on d 5 PI near the peak of 
ETEC infection. The remaining pigs were euthanized on 
d 11 PI. The selection of necropsy time was based on the 
results of clinical observations and immune response 
parameters that were reported in previously published 
research using the same E. coli strain and inoculation 
dose [18, 19]. Before euthanasia, pigs were anesthetized 
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with a 1-mL mixture of 100 mg Telazol, 50 mg ketamine, 
and 50 mg xylazine (2:1:1) by intramuscularly inject-
ing into the ham of the hind leg. After anesthesia, an 
intracardiac injection with 78 mg sodium pentobarbital 
(Vortech Pharmaceuticals, Ltd., Dearborn, MI, USA) per 
1 kg of BW was used to euthanize each pig. Blood sam-
ples were collected from the jugular vein of all pigs with-
out EDTA to yield serum before ETEC challenge (d 0), 
and on d 5, and 11 PI. Serum samples were collected by 
centrifuging approximately 5 mL of whole blood samples 
at 20 °C at 1,500 × g for 15 min and immediately stored 
at −80 °C for untargeted metabolomics analysis. Colon 
digesta were collected from the distal colon of pigs on d 5 
and 11 PI and immediately snap-frozen in liquid nitrogen 
and stored at −80 °C for untargeted metabolomics and 
microbiome analysis.

Untargeted metabolomics analysis
The untargeted metabolomics analysis was performed 
by the NIH West Coast Metabolomics Center using gas 
chromatography (Agilent 6890 gas chromatograph con-
trolled using Leco ChromaTOF software version 2.32, 
Agilent, Santa Clara, CA, USA) coupled with time-of-
flight mass spectrometry (GC/TOF–MS) (Leco Pegasus 
IV time-of-flight mass spectrometer controlled using 
Leco ChromaTOF software version 2.32, Leco, Joseph, 
MI, USA). Metabolite extraction was performed follow-
ing procedures described previously by Fiehn et al. [20]. 
Briefly, frozen serum and colon digesta samples (approxi-
mately 30 μL and 10 mg, respectively) were homogenized 
using a Retsch ball mill (Retsch, Newtown, PA, USA) for 
30 s at 25 times/s. After homogenization, a prechilled 
(−20 °C) extraction solution (isopropanol/acetonitrile/
water at the volume ratio 3:3:2, degassed with liquid 
nitrogen) was added at a volume of 1 mL/20 mg of sam-
ple. Samples were then vortexed and shaken for metabo-
lite extraction. After centrifugation at 12,800 × g for 2 
min, the supernatant was collected and divided into two 
equal aliquots and concentrated at room temperature 
for 4 h in a cold-trap vacuum concentrator (Labconco 
Centrivap, Kansas City, MO, USA). To separate complex 
lipids and waxes, the residue was re-suspended in 500 µL 
of 50% aqueous acetonitrile and centrifuged at 12,800 × g 
for 2 min. The resultant supernatant was collected and 
concentrated in the vacuum concentrator. Dried sample 
extracts were derivatized and mixed with internal reten-
tion index markers (fatty acid methyl esters with the 
chain length of C8 to C30). The samples were injected 
for GC/TOF analysis, and all samples were analyzed in a 
single batch. Data acquisition by mass spectrometry and 
mass calibration using FC43 (perfluorotributylamine) 
before starting analysis sequences. Metabolite identifica-
tions were performed based on the two parameters: 1) 

Retention index window ± 2,000  U (around ± 2 s reten-
tion time deviation), and 2) Mass spectral similarity plus 
additional confidence criteria as detailed below (Data 
analysis). A detailed methodology for data acquisition 
and metabolite identification is described in a previously 
published article by Fiehn et al. [20].

Gut microbiota in distal colon
Bacterial DNA was extracted from digesta samples using 
the Quick-DNA Fecal/Soil Microbe Kit (Zymo Research, 
Irvine, CA, USA), following the manufacturer’s instruc-
tions. Extracted bacterial DNA was amplified with PCR, 
targeting the V4 region of the 16S rRNA gene with prim-
ers 515 F (5′-XXXXXXXXGTGTG CCA GCMGCC 
GCG GTAA-3′) with an 8 bp barcode (X) and Illumina 
adapter (GT) and 806 R (5′-GGA CTA CHVGGG TWT 
CTAAT-3′) [21]. Amplification included thermocycling 
conditions of 94 °C for 3 min for denaturation, 35 cycles 
of 94 °C for 45 s, 50 °C for 1 min, 72 °C for 1.5 min, and 
72 °C for 10 min (final elongation). To reduce PCR bias, 
each sample was amplified in triplicate. Each PCR reac-
tion included 2 μL of template DNA, 0.5 μL (10 μmol/L) 
of barcoded forward primer, 0.5 μL (10 μmol/L) of reverse 
primer, 12.5 μL of GoTaq 2× Green Master Mix (Pro-
mega, Madison, WI, USA), and 9.5 μL of nuclease-free 
water. The triplicate PCR products were pooled and sub-
jectively quantified based on the brightness of the bands 
on a 2% agarose gel with SYBR safe (Invitrogen Co., 
Carlsbad, CA, USA). All amplicons were then pooled at 
equal amounts and further purified using the QIAquick 
PCR Purification Kit (Qiagen, Hilden, Germany). The 
purified library was submitted to the UC Davis Genome 
Center DNA Technologies Core for 250 bp paired-end 
sequencing on the Illumina MiSeq platform (Illumina, 
Inc., San Diego, CA, USA).

The software sabre (https:// github. com/ najos hi/ sabre) 
was used to demultiplex and remove barcodes from raw 
sequences. Sequences were then imported into Quanti-
tative Insights Into Microbial Ecology 2 (QIIME2; ver-
sion 2018.6) for downstream filtering and bioinformatics 
analysis [22, 23]. Plugin q2-dada2 [24] was used for qual-
ity control and constructing features. Taxonomic classi-
fication was assigned using the feature-classifier plugin 
trained with the SILVA rRNA database 99% Operational 
Taxonomic Units (OTU), version 132 [25, 26].

Data analysis
The metabolomics data were analyzed using different 
modules of a web-based platform, MetaboAnalyst 5.0 
(https:// www. metab oanal yst. ca) [27]. Data were filtered 
for peaks with detection rates less than 30% of missing 
abundances and normalized using logarithmic transfor-
mation and auto-scaling. Mass univariate analysis was 

https://github.com/najoshi/sabre
https://www.metaboanalyst.ca
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performed using one-way ANOVA followed by Tukey’s 
post hoc test (adjusted P ≤ 0.05). Fold change analysis and 
t-tests were also conducted to determine the fold change 
and significance of each identified metabolite. Statistical 
significance was declared at a false discovery rate (FDR, 
Benjamini and Hochberg correction; q) q < 0.2 and fold 
change > 2.0. Partial least squares discriminant analysis 
(PLS-DA) was carried out to further identify discrimina-
tive variables (metabolites) among the treatment groups. 
Pathway analysis and metabolite set enrichment analysis 
were performed on identified metabolites that had a vari-
able importance in projection (VIP) score > 1.

Data visualization and statistical analysis for colon 
microbiota were conducted using R (version 3.6.1). Two 
alpha diversity indices, Chao1 and Shannon, were cal-
culated using the phyloseq package. Relative abundance 
was calculated using the phyloseq package and visualized 
using the ggplot2 package in R. Relative abundance data 
were aggregated at various taxonomical levels. Shapiro–
Wilk normality test and Bartlett test were used to verify 
normality and constant variance, respectively, in alpha 
diversity and relative abundance. Shannon index was ana-
lyzed using ANOVA with the statistical model, including 
sample collection days within treatment as fixed effects. 
Significance in Chao1 index and relative abundance was 
observed using Kruskal–Wallis rank-sum test followed by 
a Conover test for multiple pairwise comparisons using 
the agricolae package. Beta diversity was calculated based 
on the Bray–Curtis dissimilarity for principal coordi-
nates analysis (PCoA). The homogeneity of multivariate 
dispersions was tested by the vegan package using the 
betadisper function before the adonis function was used 
to calculate PERMANOVA with 999 replicate permuta-
tions. Statistical significance and tendency were consid-
ered at P < 0.05 and 0.05 ≤ P < 0.10, respectively.

Results
Metabolite profiles in serum
A total of 355 (134 identified and 221 unidentified) 
metabolites were detected in serum samples. Based 
on the statistical threshold and VIP score, inosine was 
up-regulated while glycerol, galactonic acid, and pro-
pylene  glycol were down-regulated by CAR, compared 
with the pigs in CON on d 5 PI (Table  1). Supplemen-
tation of CAR changed the abundance of 3 metabolites 
(inosine and guanosine were up-regulated and glycerol 
was down-regulated) compared with LOW, while CAR 
changed 5 metabolites (p-tolyl glucuronide and ino-
sine were up-regulated and glycerol, palmitoleic acid, 
and propylene  glycol were down-regulated) in com-
parison with HIGH on d 5 PI. On d 11 PI, glycerol and 
inositol-4-monophosphate were enriched in the CAR 
group compared with CON, while chenodeoxycholic acid 

was reduced in the CAR when comparing with CON or 
HIGH, respectively. No differential metabolites were 
identified on d 0 before ETEC challenge among treat-
ments. Based on the identified metabolites, a PLS-DA 
score plot with 95% confidence ranges (shaded areas) 
showed a clear separation of CAR group from LOW or 
HIGH at both time points (Fig. 1A and B). The PLS-DA 
score plots in a pairwise manner also clearly separated 
CON from CAR on d 5 and 11 PI (Fig. S1A and B).

Pathway analysis and metabolite set enrichment analy-
sis were performed on metabolites in serum with VIP > 1. 
On d 5 PI, biosynthesis of unsaturated fatty acids was the 
most affected metabolic pathway when comparing 10 or 
20 mg/kg of oligosaccharide-based polymer with CAR 
(Fig.  2A  and B). Aminoacyl-tRNA biosynthesis, biosyn-
thesis of unsaturated fatty acids, phenylalanine, tyrosine 
and tryptophan biosynthesis, and ascorbate and aldarate 

Table 1 Serum metabolites that differed among dietary 
treatments

1 Fold change values less than 1 indicate that the differential metabolites were 
reduced in the CON compared with CAR; LOW compared with CAR; or HIGH 
compared with CAR, respectively
2 FDR = False discovery rate
3 VIP = Variable importance in the projection
4 CON = Basal nursery diet (control)
5 CAR = Control diet supplemented with 50 mg/kg of carbadox
6 LOW = Control diet supplemented with 10 mg/kg of oligosaccharide-based 
polymer
7 HIGH = Control diet supplemented with 20 mg/kg of oligosaccharide-based 
polymer

Metabolite Fold  change1 FDR2 VIP3

CON4 vs. CAR 5, d 5 post-inoculation

 Inosine 0.41 0.089 1.67

 Glycerol 2.09 0.056 1.83

 Galactonic acid 2.26 0.087 1.69

 Propylene glycol 2.51 0.139 1.50

LOW6 vs. CAR, d 5 post-inoculation

 Inosine 0.33 0.057 2.02

 Guanosine 0.49 0.062 1.88

 Glycerol 3.39 0.103 1.69

HIGH7 vs. CAR, d 5 post-inoculation

 p-Tolyl glucuronide 0.47 0.106 1.73

 Inosine 0.47 0.132 1.65

 Glycerol 2.28 0.050 2.07

 Palmitoleic acid 2.45 0.179 1.50

 Propylene glycol 2.82 0.106 1.75

CON vs. CAR, d 11 post-inoculation

 Glycerol 0.33 0.146 1.76

 Inositol-4-monophosphate 0.48 0.168 1.67

 Chenodeoxycholic acid 3.01 0.117 1.90

HIGH vs. CAR, d 11 post-inoculation

 Chenodeoxycholic acid 0.39 0.197 2.11
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metabolism were the most affected metabolic pathways 
when CON was compared with CAR (Fig. S2A  and B). 
On d 11 PI, valine, leucine and isoleucine biosynthesis, 
pantothenate and CoA biosynthesis, aminoacyl-tRNA 
biosynthesis, glycerolipid metabolism, and pyrimidine 
metabolism were the most affected metabolic pathways 
when comparing 10 or 20 mg/kg of oligosaccharide-based 

polymer with CAR (Fig.  2C  and D). Arginine biosyn-
thesis, alanine, aspartate and glutamate metabolism, 
D-Glutamine and D-glutamate metabolism, nitrogen 
metabolism, pantothenate and CoA biosynthesis, citrate 
cycle (TCA cycle), and pyrimidine metabolism were the 
most affected metabolic pathways when CON group was 
compared with the CAR group (Fig. S2C and D).

Fig. 1 Partial least squares discriminant analysis (PLS-DA) 2D score plot of the metabolites in serum (A and B) or distal colon digesta (C and D) 
showed separated clusters between the 10 or 20 mg/kg oligosaccharide-based polymer active substance and CAR groups on d 5 (A and C) or d 
11 (B and D) post-inoculation, respectively. LOW = Control diet supplemented with 10 mg/kg of oligosaccharide-based polymer. HIGH = Control 
diet supplemented with 20 mg/kg of oligosaccharide-based polymer. CAR = Control diet supplemented with 50 mg/kg carbadox. Shaded areas 
in different colors represent in 95% confidence interval
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Metabolite profiles in distal colon digesta
A total of 398 (178 identified and 220 unidentified) 
metabolites were detected in distal colon digesta sam-
ples. On d 5 PI, tocopherol acetate was up-regulated, 
while arabitol, octadecylglycerol, 2-hydroxyglutaric 

acid, and 2-hydroxyvaleric acid were down-regulated 
in pigs supplemented with CAR compared with pigs 
in LOW (Table 2). Supplementation of HIGH enriched 
11 metabolites, but reduced phosphate in colon digesta 
compared with CAR on d 5 PI. On d 11 PI, LOW 

Fig. 2 Significantly changed pathways (−log10(P) value > 1.5) in serum between oligosaccharide-based polymer groups and 50 mg/kg 
of carbadox on d 5 (A) or d 11 (C) post-inoculation. The x-axis represents the pathway impact values and the y-axis represents the −log10(P) values 
from the pathway enrichment analysis. Metabolite set enrichment analysis (B and D) shows the metabolic pathways were altered in 10 or 20 mg/
kg of oligosaccharide-based polymer active substance groups compared to carbadox on d 5 or d 11 post-inoculation, respectively. Both pathway 
analysis and metabolite set enrichment analysis were performed using identified metabolites with VIP > 1
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changed 17 metabolites (10 up-regulated and 7 down-
regulated) in colon digesta compared with CON, while 
phytanic acid was reduced in colon digesta of pigs fed 
with HIGH vs. LOW. Pigs in CAR had lower 6-deoxy-
glucose, adenosine, and fructose in colon digesta than 
pigs in the LOW group on d 11 PI. Nine metabolites 
(1 up-regulated and 8 down-regulated) were changed 
in the colon digesta of HIGH pigs compared with CAR 
on d 11 PI. No differential metabolites were identified 
in colon digesta when comparing CON vs. HIGH or 
CON vs. CAR on both time points. Based on the identi-
fied metabolites, a PLS-DA score plot with 95% confi-
dence ranges (shaded areas) showed a clear separation 
between the LOW or HIGH and CAR groups at both 
time points (Fig.  1C  and D). The PLS-DA score plots 
in a pairwise manner also clearly separated CON from 
LOW or HIGH on 11 PI (Fig. S1C).

Pathway analysis and metabolite set enrichment 
analysis were performed on metabolites in colon 
digesta with VIP > 1. On d 5 PI, arginine biosynthe-
sis, alanine, aspartate and glutamate metabolism, 
aminoacyl-tRNA biosynthesis, nitrogen metabolism, 
glyoxylate and dicarboxylate metabolism, arginine 
and proline metabolism, D-glutamine and D-glu-
tamate metabolism, citrate cycle (TCA cycle), and 
glycolysis/gluconeogenesis were the most affected 
metabolic pathway when LOW or HIGH compar-
ing with CAR (Fig.  3A  and B). On d 11 PI, aminoa-
cyl-tRNA biosynthesis, arginine biosynthesis, valine, 
leucine and isoleucine biosynthesis, glutathione 
metabolism, arginine and proline metabolism, phe-
nylalanine metabolism, phenylalanine, tyrosine 
and tryptophan biosynthesis, glycine, serine and 

Table 2 Distal colon digesta metabolites that differed among 
dietary treatments

Metabolite Fold  change1 FDR2 VIP3

LOW4 vs. CAR 5, d 5 post-inoculation

 Tocopherol acetate 0.47 0.186 1.92

 Arabitol 2.03 0.186 1.99

 Octadecylglycerol 3.32 0.186 1.97

 2-Hydroxyglutaric acid 3.62 0.186 2.09

 2-Hydroxyvaleric acid 11.32 0.186 1.93

HIGH6 vs. CAR, d 5 post-inoculation

 Phosphate 0.32 0.164 1.60

 Arabitol 1.99 1.590 1.64

 Conduritol-beta-epoxide 2.02 0.164 1.56

 Ferulic acid 2.19 0.140 1.80

 Cellobiose 2.28 0.188 1.52

 Proline 2.36 0.164 1.58

 Docosahexaenoic acid 2.43 0.140 1.77

 Cysteine 2.97 0.140 1.74

 Octadecylglycerol 3.31 1.729 1.56

 Maltotriose 4.85 0.156 1.66

 Indole-3-acetate 7.97 0.164 1.57

 Tranexamic acid 12.06 0.140 1.91

CON7 vs. LOW, d 11 post-inoculation

 Tranexamic acid 0.16 0.159 1.73

 Hydroquinone 0.19 0.197 1.55

 Urea 0.31 0.190 1.61

 2-Hydroxyhexanoic acid 0.35 0.190 1.60

 3,6-Anhydro-D-glucose 0.39 0.105 1.96

 Adenosine 0.40 0.138 1.82

 3,6-Anhydro-D-galactose 0.44 0.159 1.76

 Fructose 0.44 0.182 1.66

 Glucose 0.47 0.167 1.70

 Myo-inositol 0.48 0.161 1.72

 Pimelic acid 2.01 0.159 1.76

 Nonadecanoic acid 2.37 0.138 1.84

 Heptadecanoic acid 2.57 0.105 1.92

 Pentadecanoic acid 2.58 0.105 1.94

 Isopentadecanoic acid 2.66 0.052 2.15

 Isoheptadecanoic acid 3.33 0.159 1.74

 Uric acid 3.35 0.122 1.88

LOW vs. HIGH, d 11 post-inoculation

 Phytanic acid 0.50 0.147 2.42

LOW vs. CAR, d 11 post-inoculation

 6-Deoxyglucose 2.09 0.185 1.79

 Adenosine 3.20 0.185 1.76

 Fructose 4.26 0.065 1.98

HIGH vs. CAR, d 11 post-inoculation

 Fructose-6-phosphate 0.21 0.168 1.75

 Xanthosine 2.02 0.170 1.67

 Aminomalonate 2.03 0.168 1.74

 Pyruvic acid 2.14 0.105 1.89

 6-Deoxyglucose 2.31 0.170 1.66

1 Fold change values less than 1 indicate that the differential metabolites were 
reduced in the LOW compared with CAR; HIGH compared with CAR; CON 
compared with LOW; or LOW compared with HIGH, respectively
2 FDR = False discovery rate
3 VIP = Variable importance in the projection
4 LOW = Control diet supplemented with 10 mg/kg of oligosaccharide-based 
polymer
5 CAR = Control diet supplemented with 50 mg/kg of carbadox
6 HIGH = Control diet supplemented with 20 mg/kg of oligosaccharide-based 
polymer
7 CON = Basal nursery diet (control)

Table 2 (continued)

Metabolite Fold  change1 FDR2 VIP3

 Azelaic acid 2.50 0.053 2.02

 3-Hydroxybutyric acid 2.62 0.170 1.68

 Arabitol 3.12 0.168 1.76

 2-Hydroxyhexanoic acid 9.76 0.170 0.89
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threonine metabolism, alanine, aspartate and gluta-
mate metabolism, and D-glutamine and D-glutamate 
metabolism were the most affected metabolic path-
ways when LOW or HIGH group was compared with 
the CAR group (Fig. 3C and D).

Microbial profiles in distal colon digesta
A total of 726,005 qualified reads were obtained with 
a mean of 15,122 reads per sample. No differences 
were observed in the alpha diversity of distal colon 
microbiota among dietary treatments on d 5 and d 

Fig. 3 Significantly changed pathways (−log10(P) value > 1.5) in distal colon digesta oligosaccharide-based polymer groups and 50 mg/kg 
of carbadox on d 5 (A) or d 11 (C) post-inoculation. The x-axis represents the pathway impact values and the y-axis represents the −log10(P) values 
from the pathway enrichment analysis. Metabolite set enrichment analysis (B and D) shows the metabolic pathways were altered in 10 or 20 mg/kg 
oligosaccharide-based polymer active substance groups compared to carbadox on d 5 or d 11 post-inoculation, respectively. Both pathway analysis 
and metabolite set enrichment analysis were performed using identified metabolites with VIP > 1
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11 PI (Fig. S3). Beta diversity (Adonis analysis based 
on the Bray–Curtis distance) indicated the interac-
tive effect of treatment (diet) and day (d 5 PI vs. d 11 
PI) was observed in the overall bacterial composition 
(Adonis, P < 0.05). Compositional differences of the 
distal colon microbiota were also observed between 
CON or LOW or HIGH and CAR on d 5 and d 11 PI 
(Pairwise-Adonis, P < 0.05; Fig. 4). The dominant phyla 
in distal colon digesta were Firmicutes, Bacteroidetes, 
Proteobacteria, and Actinobacteria, regardless of 
treatment or sampling day (Fig. S4). Pigs in the HIGH 
or CAR group had a lower (P < 0.05) relative abun-
dance of Actinobacteria than pigs in the CON group 
on d 11 PI. Supplementation of HIGH reduced the rel-
ative abundance (P < 0.05) of Bacteroidetes in the distal 
colon on d 11 PI than on d 5 PI. Within the Firmicutes 
phylum (Fig. 5), pigs in the CAR group had the high-
est (P < 0.05) relative abundance of Clostridiaceae 
(17.14%) in the distal colon on d 11 PI, but the low-
est (P < 0.05) relative abundance of Streptococcaceae 
(0.21%) or Lactobacillaceae (5.82%) on d 5 or d 11 PI 
among treatment groups, respectively. Pigs fed CAR 
had reduced the relative abundance (P < 0.05) of Lach-
nospiraceae (27.40% vs. 20.30%) in the distal colon 
on d 11 PI than d 5 PI. Within the Bacteroidetes phy-
lum (Fig. 6), pigs in the CON and HIGH had reduced 
(P < 0.05) relative abundance of Rikenellaceae (0.76% 
and 0.72% vs. 2.27%) in distal colon on d 11 PI, com-
pared with pigs in the CAR group.

Discussion
ETEC infection can remarkably change metabolome 
[28, 29] and intestinal microbial profiles in pigs [30, 
31]. However, there is still limited research on the 
impacts of different feed additives on various aspects 
of gut health and development in pigs, especially 
under disease-challenged conditions. The present 
study investigated the alteration of metabolic pathways 
in the serum and colon digesta by using an untargeted 
metabolomics approach when pigs were supplemented 
with oligosaccharide-based polymer or therapeu-
tic levels of carbadox. Results from the current study 
demonstrated that major alteration of metabolic path-
ways in the serum and colon digesta were observed 
between the oligosaccharide-based polymer and anti-
biotic groups. Additionally, supplementation of anti-
biotic resulted in distinct modifications to microbial 
composition and community diversity in colon digesta 
of weaned pigs challenged with ETEC F18.

Changes in metabolites in serum and distal colon
Recent advances in the high-throughput metabolomics 
analysis provide comprehensive approaches for iden-
tifying the impacts of specific bioactive compounds or 
disease on microbiota metabolites and host metabolic 
pathways [32]. In the current study, the metabolic pro-
files of serum and colon digesta were notably different in 
pigs supplemented with oligosaccharide-based polymer 
compared with antibiotic. These findings suggest that 
oligosaccharide-based polymer exhibited distinct effects 
on metabolic pathways in ETEC-infected pigs when com-
pared with carbadox.

The use of in-feed antibiotics has shown promis-
ing results for performance enhancement in weaned 
pigs [33], partially due to increased nutrient digest-
ibility, utilization, and metabolism [34]. In the present 
study, in-feed antibiotic carbadox primarily influ-
enced serum metabolites that relate to amino acid 
metabolism, compared to pigs in the control diet (Fig. 
S2). This observation is consistent with our previous 
research [35] and research published by other labs [36, 
37]. These alterations suggest that antibiotic treatment 
may increase amino acid availability for the host. For 
example, one of the most affected metabolic pathways 
was aminoacyl-tRNA biosynthesis, which is essen-
tial for charging amino acids to their cognate transfer 
RNAs (tRNA) to provide the substrates for protein 
synthesis [38]. The disruption of aminoacyl-tRNA 
biosynthesis including transcription regulation, signal 
transduction, angiogenesis, and other aspects of cel-
lular homeostasis by antibiotic treatment could poten-
tially result in altered protein synthesis rates and host 
cellular functions [39, 40]. Enhanced growth rate and 

Fig. 4 Beta diversity of the microbiota in the distal colon digesta 
of enterotoxigenic E. coli F18 challenged pigs fed diets supplemented 
with different dose of oligosaccharide-based polymer active 
substance or carbadox on d 5 and 11 post-inoculation. Data 
were analyzed by principal coordinate analysis (PCoA) based 
on the Bray–Curtis dissimilarity. Symbols indicate dietary treatments 
and colors indicate different sampling dates. CON = Basal nursery 
diet (control); LOW = Control diet supplemented with 10 mg/kg 
of oligosaccharide-based polymer; HIGH = Control diet supplemented 
with 20 mg/kg of oligosaccharide-based polymer; CAR = Control diet 
supplemented with 50 mg/kg of carbadox
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Fig. 5 Stacked bar plot showing the relative abundance of Firmicutes family in colon digesta of enterotoxigenic E. coli F18 challenged pigs fed 
diets supplemented with different dose of oligosaccharide-based polymer active substance or carbadox on d 5 and 11 post-inoculation (A). 
Violin plot showing the relative abundance of individual bacterial phylum (B). a−cMeans without a common superscript are different (P < 0.05). 
Each least squares mean represents 6 observations. CON = Basal nursery diet (control); LOW = Control diet supplemented with 10 mg/kg 
of oligosaccharide-based polymer; HIGH = Control diet supplemented with 20 mg/kg of oligosaccharide-based polymer; CAR = Control diet 
supplemented with 50 mg/kg of carbadox
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disease resistance by antibiotic treatment in our previ-
ously published research [14] may be highly correlated 
with amino acid metabolic pathway modifications in 

supporting animal growth, maintaining homeostasis, 
and regulating other biological processes in the host 
[41, 42]. Further studies are warranted to understand 

Fig. 6 Stacked bar plot showing the relative abundance of Bacteroidetes family in colon digesta of enterotoxigenic E. coli F18 challenged pigs 
fed diets supplemented with different dose of oligosaccharide-based polymer active substance or carbadox on d 5 and 11 post-inoculation (A). 
Violin plot showing the relative abundance of individual bacterial phylum (B). a,bMeans without a common superscript are different (P < 0.05). 
Each least squares mean represents 6 observations. CON = Basal nursery diet (control); LOW = Control diet supplemented with 10 mg/kg 
of oligosaccharide-based polymer; HIGH = Control diet supplemented with 20 mg/kg of oligosaccharide-based polymer; CAR = Control diet 
supplemented with 50 mg/kg of carbadox
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the exact mechanisms underlying these alterations and 
their consequences for host physiology.

Interestingly, supplementation of oligosaccharide-
based polymer had limited impacts on serum metabo-
lites compared to the control, but significantly affected 
the metabolite profile in colon digesta of weaned pigs 
compared with carbadox. Specifically, addition of 20 
mg/kg of oligosaccharide-based polymer increased the 
levels of indole-3-acetate (IAA) in distal colon digesta 
more than 7-fold during the peak of ETEC infection. 
IAA is one of the derivatives of tryptophan metabolism 
and is known to promote IL-22 production in the intes-
tine [43]. IL-22 is known to act exclusively on intestinal 
epithelial cells, promoting cell regeneration and tissue 
repair [44]. In particular, IL-22 in the gastrointestinal 
tract stimulates epithelial cells to produce antimicro-
bial peptides, which enhances the intestinal barrier 
function against pathogens [45]. The protective role of 
IL-22 in the intestine of the pigs against ETEC was also 
supported by previously published studies [46, 47]. Fur-
thermore, IAA has been reported to reduce the levels 
of TNF-α and IL-1β in the macrophages of mice when 
stimulated with lipopolysaccharide [48]. The observed 
increase in IAA abundance in colon digesta of pigs sup-
plemented with oligosaccharide-based polymer may 
be attributed to the down-regulated mRNA expression 
of TNFA, IL1B, and IL6 in ileal mucosa, as previously 
reported [14]. IAA can also be produced by various 
bacterial species, such as Lactobacillus, Bacteroides, 
and Clostridium, to inhibit the growth of potentially 
pathogenic bacteria, including Salmonella [49], Shi-
gella [50], and Escherichia [51]. Therefore, the observed 
increase of IAA in the colon of pigs supplemented with 
oligosaccharide-based polymer might contribute to the 
enhancement of intestinal immune responses and mod-
ification of gut microbiota during the ETEC infection.

The secretory diarrhea is ascribed to the virulence 
factors of ETEC, such as heat-labile toxins, heat-sta-
ble toxins, Shiga toxins, and lipopolysaccharides [52]. 
Among these virulence factors, Shiga or Shiga-like 
toxin induces edema disease and hemorrhagic coli-
tis, which can leads to gastrointestinal bleeding or 
the death of weaned pigs [53]. Tranexamic acid is a 
derivative of lysine used for reducing gastrointestinal 
hemorrhage in clinical practices [54]. The major pro-
tective effect of tranexamic acid is to inhibit fibrinoly-
sis by blocking the interaction of plasminogen with 
the lysine residues of fibrin [55]. Moreover, tranexamic 
acid was reported to be involved in various biological 
processes, including protein synthesis, metabolic sign-
aling activities via acetylation, protein–protein interac-
tions, and post-translational modifications in immune 
and inflammatory responses [56]. In the present study, 

pigs supplemented with oligosaccharide-based polymer 
contained 12-fold more tranexamic acid in distal colon 
digesta compared with carbadox pigs during the peak 
of ETEC infection. The escalated tranexamic acid in 
pigs supplemented with oligosaccharide-based polymer 
may contribute to the enhanced disease resistance and 
performance of ETEC-challenged pigs.

Significant changes in amino acid metabolism were 
also observed in the distal colon digesta when compar-
ing pigs supplemented with oligosaccharide-based pol-
ymer to those given carbadox. These changes include 
arginine biosynthesis, arginine and proline metabolism, 
and glutamine and glutamate metabolism. Arginine 
and proline play important roles in wound healing, 
antioxidative reactions, immune responses, and pro-
tein biosynthesis [57, 58]. Arginine is crucial for the 
host defense system, as its metabolite, nitric oxide, has 
demonstrated antimicrobial activity against pathogens 
[57]. Arginine-derived polyamines and pyrroline-5-car-
boxylate from proline metabolism are also critically 
important in regulating cellular signaling pathways and 
stimulating gut mucosal immune cells’ maturation [59, 
60]. Additionally, glutamine and glutamate are essen-
tial energy source for porcine intestinal mucosal cells 
and are intricately connected to both arginine and pro-
line metabolism as specific precursors [61, 62]. These 
findings suggest that the enhancement of gut immu-
nity by supplementing oligosaccharide-based polymer 
might also be attributed to the changes in those specific 
amino acid metabolism [14].

Changes in microbial community in distal colon
The composition of the microbial community in the pig’s 
intestine can be influenced and shifted by several factors, 
including diet, age, health status, and environmental con-
ditions [63, 64]. Research also reported that the intestinal 
microbial diversity and composition was affected by in-
feed antibiotics [63, 65] and other feed additives [66, 67]. 
In consistent with previously published research [17, 63], 
the present study confirmed that carbadox supplementa-
tion significantly altered the colonic microbiota composi-
tion and diversity compared with control. However, there 
were no clear separation nor significant changes in the 
relative abundance of microbial compositions between 
pigs supplemented with oligosaccharide-based polymer 
vs. control.

During the peak of ETEC infection period (d 5 PI), 
the relative abundance of Streptococcaceae within the 
Firmicutes phylum was reduced in colon digesta of pigs 
fed antibiotic compared to those supplemented with 
oligosaccharide-based polymer and control. Strepto-
coccaceae are Gram-positive bacteria, and some spe-
cies can be opportunistic pathogens that cause diseases 
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in pigs [68]. For instance, Streptococcus suis (S. suis) is 
classified within the family of Streptococcaceae, which 
is associated with a wide range of diseases in pigs, such 
as meningitis, septicaemia, pneumonia, endocarditis, 
and arthritis [69]. It has been reported that weanling 
stress increased the abundance of potentially harmful 
S. suis in intestinal contents [70]. Additionally, S. suis 
is capable of invading multiple organs to cause exag-
gerated inflammation, which has to be treated with 
antibiotics [71]. The reduced abundance of Strepto-
coccaceae in colon digesta of pigs was also observed in 
our previous experiment when carbadox was adminis-
tered [35].

During the recovery period (d 11 PI), the relative 
abundance of Clostridiaceae and Rikenellaceae were 
increased, whereas Lactobacillaceae was reduced in 
colon digesta of pigs fed with carbadox, compared with 
pigs in control and pigs supplemented with oligosaccha-
ride-based polymer. Clostridiaceae is known to correlate 
with the production of short-chain fatty acids [72] and 
improved weight gain in pigs [73]. Rikenellaceae has been 
reported to facilitate the breakdown of proteins and car-
bohydrates in feed and been more abundant in high feed 
conversion ratio pigs [74]. The increased Clostridiaceae 
and Rikenellaceae in colon support the growth promot-
ing effects of carbadox [35]. However, supplementing 
carbadox reduced the relative abundance of Lactobacil-
laceae in colon digesta compared with other treatments. 
Lactobacillaceae is usually considered as one of favorable 
bacteria in the intestine to maintain gut microbiota bal-
ance by inhibiting the growth of pathogens [75, 76]. The 
relative abundance of Lactobacillus is generally enriched 
after weaning, as these bacteria have the ability to break 
down complex plant-based carbohydrates into simpler 
sugars for energy production [77, 78]. In agreement with 
other published research, the reduced Lactobacillaceae 
and other beneficial bacteria due to antibiotic adminis-
tration might increase the risk of intestinal dysbiosis and 
overall health [79, 80]. Although oligosaccharide-based 
polymer and carbadox exhibited similar growth-promot-
ing benefits in the present study [14], their impacts on the 
distal colon microbiota were different. The changes in gut 
bacterial biomass are unknown due to the limits of 16S 
rRNA sequencing. In future research, it is advisable to 
investigate the spatial impacts, particularly the changes 
in the microbiota composition in the ileum where ETEC 
colonizes.

Conclusions
The present study identified differential metabolites and 
their pathways in the serum and distal colon digesta of 
ETEC F18 challenged pigs, fed either an oligosaccha-
ride-based polymer or an antibiotic. In comparison to 

the antibiotic, the oligosaccharide-based polymer had 
an impact on several important metabolomic markers 
associated with immune responses and nutrient metab-
olism in the distal colon, including IAA and tranexamic 
acid. The impacted metabolic pathways, including those 
involving arginine, glutamine and glutamate metabolism, 
may be associated with enhanced disease resistance and 
intestinal immune responses in weaned pigs. Interest-
ingly, when compared with carbadox supplementation, 
the impacts of the oligosaccharide-based polymer on 
microbiota composition in distal colon of weaned pigs 
were limited. To better understand the mechanisms by 
which this polymer controls post-weaning diarrhea, 
further research is recommended to focus on the small 
intestine and the interactions of host, local immunity, 
and microbiota.
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Additional file 1: Fig. S1. Partial least squares discriminant analysis (PLS-
DA) 2D score plot of the metabolites in serum showed separated clusters 
between the CON and CAR groups on d 5 (A) and d 11 post-inoculation 
(B). Partial least squares discriminant analysis (PLS-DA) 2D score plot of the 
metabolites in distal colon digesta showed separated clusters between 
the CON and 10 or 20 mg/kg oligosaccharide-based polymer active 
substance groups on d 11 post-inoculation (C). CON = Basal nursery diet 
(control). LOW = Control diet supplemented with 10 mg/kg of oligosac-
charide-based polymer. HIGH = Control diet supplemented with 20 mg/
kg of oligosaccharide-based polymer. CAR = Control diet supplemented 
with 50 mg/kg carbadox. Shaded areas in different colors represent in 95% 
confidence interval. Fig. S2. Significantly changed pathways (−log10(P) > 
1.5) in serum between the control and 50 mg/kg carbadox on d 5 (A) 
or d 11 post-inoculation (C). The x-axis represents the pathway impact 
values and the y-axis represents the −log(P) values from the pathway 
enrichment analysis. Metabolite set enrichment analysis (B and D) shows 
the metabolic pathways were altered in control compared to 50 mg/
kg carbadox on d 5 or d 11 post-inoculation, respectively. Both pathway 
analysis and metabolite set enrichment analysis were performed using 
identified metabolites with VIP > 1. Fig. S3. Alpha diversity as indicated 
by Shannon (A) and Chao 1 (B) in distal colon digesta of enterotoxigenic 
E. coli F18 challenged pigs fed diets supplemented with different dose of 
oligosaccharide-based polymer active substance or antibiotics (carbadox) 
on d 5 and 11 post-inoculation. a–cMeans without a common superscript 
are different (P < 0.05). Each least squares mean represents 6 observations. 
CON = Basal nursery diet (control); LOW = Control diet supplemented 
with 10 mg/kg oligosaccharide-based polymer active substance; HIGH 
= Control diet supplemented with 20 mg/kg oligosaccharide-based 
polymer active substance; CAR = Control diet supplemented with 50 mg/
kg carbadox. Fig. S4. Stacked bar plot showing the relative abundance of 
bacterial phyla in colon digesta of enterotoxigenic E. coli F18 challenged 
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pigs fed diets supplemented with different dose of oligosaccharide-based 
polymer active substance or antibiotics (carbadox) on d 5 and 11 post-
inoculation (A). Violin plot showing the relative abundance of individual 
bacterial phylum (B). a,bMeans without a common superscript are different 
(P < 0.05). Each least squares mean represents 6 observations. CON = 
Basal nursery diet (control); LOW = Control diet supplemented with 10 
mg/kg oligosaccharide-based polymer active substance; HIGH = Control 
diet supplemented with 20 mg/kg oligosaccharide-based polymer active 
substance; CAR = Control diet supplemented with 50 mg/kg carbadox.

Acknowledgements
Not applicable.

Authors’ contributions
The contributions of the authors were as follows: KK conducted the experi-
ment and wrote the manuscript. CJ helped to conduct animal trial, part of 
the laboratory work, data analysis, and helped to revise the manuscript. XL 
provided ETEC inoculum and helped to revise the manuscript. DB, EC, and 
PJ revised the manuscript. YL was the principal investigator. YL designed the 
experiment, oversaw the development of the study and wrote the last version 
of the manuscript. The authors declare no conflicts of interest. The authors 
read and approved the final manuscript.

Funding
This project was supported by Pancosma SA, Geneva, Switzerland, Jastro 
& Shields Graduate Research Award, and the United States Department of 
Agriculture (USDA) National Institute of Food and Agriculture (NIFA), multistate 
projects W4002 and NC1202.

Availability of data and materials
All data generated or analyzed during this study are available from the cor-
responding author upon reasonable request.

Declarations

Ethics approval and consent to participate
The protocol for this study was reviewed and approved by the Institutional 
Animal Care and Use Committee at the University of California, Davis (IACAC 
#19322). The study was conducted at the Cole Facility at the University of 
California, Davis.

Consent for publication
Not applicable.

Competing interests
The authors declare that they have no competing interests.

Received: 18 July 2023   Accepted: 29 October 2023

References
 1. Manyi-Loh C, Mamphweli S, Meyer E, Okoh A. Antibiotic use in agriculture 

and its consequential resistance in environmental sources: potential 
public health implications. Molecules. 2018;23:795. https:// doi. org/ 10. 
3390/ molec ules2 30407 95.

 2. Ma F, Xu S, Tang Z, Li Z, Zhang L. Use of antimicrobials in food animals 
and impact of transmission of antimicrobial resistance on humans. Biosaf 
Health. 2021;03:32–8. https:// doi. org/ 10. 1016/j. bsheal. 2020. 09. 004.

 3. Marquardt RR, Li S. Antimicrobial resistance in livestock: advances and 
alternatives to antibiotics. Anim Front. 2018;8:30–7. https:// doi. org/ 10. 
1093/ af/ vfy001.

 4. Ghosh C, Sarkar P, Issa R, Haldar J. Alternatives to conventional antibiotics 
in the era of antimicrobial resistance. Trends Microbiol. 2019;27:323–38. 
https:// doi. org/ 10. 1016/j. tim. 2018. 12. 010.

 5. Liu P, Piao XS, Thacker PA, Zeng ZK, Li PF, Wang D, et al. Chito-oligo-
saccharide reduces diarrhea incidence and attenuates the immune 
response of weaned pigs challenged with Escherichia coli K88. J Anim Sci. 
2010;88:3871–9. https:// doi. org/ 10. 2527/ jas. 2009- 2771.

 6. Bouwhuis MA, McDonnell MJ, Sweeney T, Mukhopadhya A, O’Shea CJ, 
O’Doherty JV. Seaweed extracts and galacto-oligosaccharides improve 
intestinal health in pigs following Salmonella Typhimurium challenge. 
Animal. 2017;11:1488–96. https:// doi. org/ 10. 1017/ S1751 73111 70001 18.

 7. Yu E, Chen D, Yu B, Huang Z, Mao X, Zheng P, et al. Manno-oligosaccha-
ride attenuates inflammation and intestinal epithelium injury in weaned 
pigs upon enterotoxigenic Escherichia coli K88 challenge. Br J Nutr. 
2021;126:993–1002. https:// doi. org/ 10. 1017/ S0007 11452 00049 48.

 8. Chen Y, Xie Y, Zhong R, Liu L, Lin C, Xiao L, et al. Effects of xylo-oligosac-
charides on growth and gut microbiota as potential replacements for 
antibiotic in weaning piglets. Front Microbiol. 2021;12:641172. https:// doi. 
org/ 10. 3389/ fmicb. 2021. 641172.

 9. Duan Q, Chen D, Yu B, Huang Z, Luo Y, Zheng P, et al. Effect of sialyllactose 
on growth performance and intestinal epithelium functions in weaned 
pigs challenged by enterotoxigenic Escherichia coli. J Anim Sci Biotechnol. 
2022;13:30. https:// doi. org/ 10. 1186/ s40104- 022- 00673-8.

 10. Shoaf-Sweeney KD, Hutkins RW. Adherence, anti‐adherence, and 
oligosaccharides: preventing pathogens from sticking to the host. Adv 
Food Nutr Res. 2009;55:101–61. https:// doi. org/ 10. 1016/ S1043- 4526(08) 
00402-6.

 11. Douëllou T, Montel MC, Thevenot Sergentet D. Invited review: anti-
adhesive properties of bovine oligosaccharides and bovine milk fat 
globule membrane-associated glycoconjugates against bacterial food 
enteropathogens. J Dairy Sci. 2017;100:3348–59. https:// doi. org/ 10. 3168/ 
jds. 2016- 11611.

 12. Asadpoor M, Ithakisiou G-N, Henricks PAJ, Pieters R, Folkerts G, Braber S. 
Non-digestible oligosaccharides and short chain fatty acids as therapeu-
tic targets against enterotoxin-producing bacteria and their toxins. Toxins. 
2021;13:175. https:// doi. org/ 10. 3390/ toxin s1303 0175.

 13. Zhang N, Jin M, Wang K, Zhang Z, Shah NP, Wei H. Functional oligosac-
charide fermentation in the gut: improving intestinal health and its deter-
minant factors-A review. Carbohydr Polym. 2022;284:119043. https:// doi. 
org/ 10. 1016/j. carbp ol. 2021. 119043.

 14. Kim K, He Y, Jinno C, Kovanda L, Li X, Bravo D, et al. Supplementation of 
oligosaccharide-based polymer enhanced growth and disease resist-
ance of weaned pigs by modulating intestinal integrity and systemic 
immunity. J Anim Sci Biotechnol. 2022;13:10. https:// doi. org/ 10. 1186/ 
s40104- 021- 00655-2.

 15. Holmner A, Askarieh G, Okvist M, Krengel U. Blood group antigen recog-
nition by Escherichia coli heat-labile enterotoxin. J Mol Biol. 2007;371:754–
64. https:// doi. org/ 10. 1016/j. jmb. 2007. 05. 064.

 16. Coddens A, Diswall M, Angström J, Breimer ME, Goddeeris B, Cox E, 
et al. Recognition of blood group ABH type 1 determinants by the FedF 
adhesin of F18-fimbriated Escherichia coli. J Biol Chem. 2009;284:9713–26. 
https:// doi. org/ 10. 1074/ jbc. M8078 66200.

 17. Looft T, Johnson TA, Allen HK, Bayles DO, Alt DP, Stedtfeld RD, et al. In-feed 
antibiotic effects on the swine intestinal microbiome. Proc Natl Acad Sci. 
2012;109:1691–6. https:// doi. org/ 10. 1073/ pnas. 11202 38109.

 18. He Y, Kim K, Kovanda L, Jinno C, Song M, Chase J, et al. Bacillus subtilis: a 
potential growth promoter in weaned pigs in comparison to carbadox. J 
Anim Sci. 2020;98:kaa290. https:// doi. org/ 10. 1093/ jas/ skaa2 90.

 19. Kim K, He Y, Jinno C, Kovanda L, Li X, Song M, et al. Trace amounts of anti-
biotic exacerbated diarrhea and systemic inflammation of weaned pigs 
infected with a pathogenic Escherichia coli. J Anim Sci. 2021;99:kab073. 
https:// doi. org/ 10. 1093/ jas/ skab0 73.

 20. Fiehn O, Wohlgemuth G, Scholz M, Kind T, Lee DY, Lu Y, et al. Quality 
control for plant metabolomics: reporting MSI-compliant studies. Plant J. 
2008;53:691–704. https:// doi. org/ 10. 1111/j. 1365- 313X. 2007. 03387.x.

 21. Caporaso JG, Lauber CL, Walters WA, Berg-Lyons D, Huntley J, Fierer N, 
et al. Ultra-high-throughput microbial community analysis on the Illu-
mina HiSeq and MiSeq platforms. ISME J. 2012;6:1621–4. https:// doi. org/ 
10. 1038/ ismej. 2012.8.

 22. Bolyen E, Rideout JR, Dillon MR, Bokulich NA, Abnet CC, Al-Ghalith GA, 
et al. Reproducible, interactive, scalable and extensible microbiome data 
science using QIIME 2. Nat Biotechnol. 2019;37:852–7. https:// doi. org/ 10. 
1038/ s41587- 019- 0209-9.

https://doi.org/10.3390/molecules23040795
https://doi.org/10.3390/molecules23040795
https://doi.org/10.1016/j.bsheal.2020.09.004
https://doi.org/10.1093/af/vfy001
https://doi.org/10.1093/af/vfy001
https://doi.org/10.1016/j.tim.2018.12.010
https://doi.org/10.2527/jas.2009-2771
https://doi.org/10.1017/S1751731117000118
https://doi.org/10.1017/S0007114520004948
https://doi.org/10.3389/fmicb.2021.641172
https://doi.org/10.3389/fmicb.2021.641172
https://doi.org/10.1186/s40104-022-00673-8
https://doi.org/10.1016/S1043-4526(08)00402-6
https://doi.org/10.1016/S1043-4526(08)00402-6
https://doi.org/10.3168/jds.2016-11611
https://doi.org/10.3168/jds.2016-11611
https://doi.org/10.3390/toxins13030175
https://doi.org/10.1016/j.carbpol.2021.119043
https://doi.org/10.1016/j.carbpol.2021.119043
https://doi.org/10.1186/s40104-021-00655-2
https://doi.org/10.1186/s40104-021-00655-2
https://doi.org/10.1016/j.jmb.2007.05.064
https://doi.org/10.1074/jbc.M807866200
https://doi.org/10.1073/pnas.1120238109
https://doi.org/10.1093/jas/skaa290
https://doi.org/10.1093/jas/skab073
https://doi.org/10.1111/j.1365-313X.2007.03387.x
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/ismej.2012.8
https://doi.org/10.1038/s41587-019-0209-9
https://doi.org/10.1038/s41587-019-0209-9


Page 15 of 16Kim et al. Journal of Animal Science and Biotechnology            (2024) 15:1  

 23. Caporaso JG, Kuczynski J, Stombaugh J, Bittinger K, Bushman FD, 
Costello EK, et al. QIIME allows analysis of high-throughput community 
sequencing data. Nat Methods. 2010;7:335–6. https:// doi. org/ 10. 1038/ 
nmeth.f. 303.

 24. Callahan BJ, McMurdie PJ, Rosen MJ, Han AW, Johnson AJA, Holmes SP. 
DADA2: high-resolution sample inference from Illumina amplicon data. 
Nat Methods. 2016;13:581–3. https:// doi. org/ 10. 1038/ nmeth. 3869.

 25. Quast C, Pruesse E, Yilmaz P, Gerken J, Schweer T, Yarza P, et al. The SILVA 
ribosomal RNA gene database project: improved data processing and 
web-based tools. Nucleic Acids Res. 2012;41:D590–6. https:// doi. org/ 10. 
1093/ nar/ gks12 19.

 26. Bokulich NA, Kaehler BD, Rideout JR, Dillon M, Bolyen E, Knight R, et al. 
Optimizing taxonomic classification of marker-gene amplicon sequences 
with QIIME 2’s q2-feature-classifier plugin. Microbiome. 2018;6:90. https:// 
doi. org/ 10. 1186/ s40168- 018- 0470-z.

 27. Pang Z, Chong J, Zhou G, de Lima Morais DA, Chang L, Barrette M, et al. 
MetaboAnalyst 5.0: narrowing the gap between raw spectra and func-
tional insights. Nucleic Acids Res. 2021;49:W388–96. https:// doi. org/ 10. 
1093/ nar/ gkab3 82.

 28. Ren W, Yin J, Gao W, Chen S, Duan J, Liu G, et al. Metabolomics study of 
metabolic variations in enterotoxigenic Escherichia coli-infected piglets. 
RSC Adv. 2015;5:59550–5. https:// doi. org/ 10. 1039/ C5RA0 9513A.

 29. He Y, Liu Y, Ji P. Metabolomic profile of weaned pigs challenged with E. 
Coli and supplemented with carbadox or Bacillus subtilis. Metabolites. 
2021;11:81. https:// doi. org/ 10. 3390/ metab o1102 0081.

 30. Bin P, Tang Z, Liu S, Chen S, Xia Y, Liu J, et al. Intestinal microbiota medi-
ates enterotoxigenic Escherichia coli-induced diarrhea in piglets. BMC Vet 
Res. 2018;14:385. https:// doi. org/ 10. 1186/ s12917- 018- 1704-9.

 31. Li Q, Peng X, Burrough ER, Sahin O, Gould SA, Gabler NK, et al. Dietary 
soluble and insoluble fiber with or without enzymes altered the intestinal 
microbiota in weaned pigs challenged with enterotoxigenic E. Coli F18. 
Front Microbiol. 2020;11:1110. https:// doi. org/ 10. 3389/ fmicb. 2020. 01110.

 32. Ulaszewska MM, Weinert CH, Trimigno A, Portmann R, Andres Lacueva 
C, Badertscher R, et al. Nutrimetabolomics: an integrative action for 
metabolomic aaalyses in human nutritional studies. Mol Nutr Food Res. 
2019;63:1800384. https:// doi. org/ 10. 1002/ mnfr. 20180 0384.

 33. Cromwell GL. Why and how antibiotics are used in swine production. 
Anim Biotechnol. 2002;13:7–27. https:// doi. org/ 10. 1081/ ABIO- 12000 5767.

 34. Gaskins HR, Collier CT, Anderson DB. Antibiotics as growth promotants: 
mode of action. Anim Biotechnol. 2002;13:29–42. https:// doi. org/ 10. 
1081/ ABIO- 12000 5768.

 35. Kim K, Jinno C, Ji P, Liu Y. Trace amounts of antibiotic altered metabo-
lomic and microbial profiles of weaned pigs infected with a pathogenic 
E. Coli. J Anim Sci Biotechnol. 2022;13:59. https:// doi. org/ 10. 1186/ 
s40104- 022- 00703-5.

 36. Mu C, Yang Y, Yu K, Yu M, Zhang C, Su Y, et al. Alteration of metabolomic 
markers of amino-acid metabolism in piglets with in-feed antibiotics. 
Amino Acids. 2017;49:771–81. https:// doi. org/ 10. 1007/ s00726- 017- 2379-4.

 37. Yu M, Zhang C, Yang Y, Mu C, Su Y, Yu K, et al. Long-term effects of early 
antibiotic intervention on blood parameters, apparent nutrient digestibil-
ity, and fecal microbial fermentation profile in pigs with different dietary 
protein levels. J Anim Sci Biotechnol. 2017;8:60. https:// doi. org/ 10. 1186/ 
s40104- 017- 0192-2.

 38. Ling J, Reynolds N, Ibba M. Aminoacyl-tRNA synthesis and translational 
quality control. Annu Rev Microbiol. 2009;63:61–78. https:// doi. org/ 10. 
1146/ annur ev. micro. 091208. 073210.

 39. Schimmel P, Tao J, Hill J. Aminoacyl tRNA synthetases as targets for new 
anti-infectives. FASEB J. 1998;12:1599–609. https:// doi. org/ 10. 1096/ fasebj. 
12. 15. 1599.

 40. Guo M, Schimmel P. Essential nontranslational functions of tRNA syn-
thetases. Nat Chem Biol. 2013;9:145–53. https:// doi. org/ 10. 1038/ nchem 
bio. 1158.

 41. Wu G. Amino acids: metabolism, functions, and nutrition. Amino Acids. 
2009;37:1–17. https:// doi. org/ 10. 1007/ s00726- 009- 0269-0.

 42. Yu M, Mu C, Yang Y, Zhang C, Su Y, Huang Z, et al. Increases in circulating 
amino acids with in-feed antibiotics correlated with gene expression of 
intestinal amino acid transporters in piglets. Amino Acids. 2017;49:1587–
99. https:// doi. org/ 10. 1007/ s00726- 017- 2451-0.

 43. Lee JS, Cella M, McDonald KG, Garlanda C, Kennedy GD, Nukaya M, et al. 
AHR drives the development of gut ILC22 cells and postnatal lymphoid 

tissues via pathways dependent on and independent of Notch. Nat 
Immunol. 2011;13:144–51. https:// doi. org/ 10. 1038/ ni. 2187.

 44. Sonnenberg GF, Fouser LA, Artis D. Border patrol: regulation of immunity, 
inflammation and tissue homeostasis at barrier surfaces by IL-22. Nat 
Immunol. 2011;12:383–90. https:// doi. org/ 10. 1038/ ni. 2025.

 45. Rubino SJ, Geddes K, Girardin SE. Innate IL-17 and IL-22 responses to 
enteric bacterial pathogens. Trends Immunol. 2012;33:112–8. https:// doi. 
org/ 10. 1016/j. it. 2012. 01. 003.

 46. Yang G-Y, Zhu Y-H, Zhang W, Zhou D, Zhai C-C, Wang J-F. Influence of 
orally fed a select mixture of Bacillus probiotics on intestinal T-cell migra-
tion in weaned MUC4 resistant pigs following Escherichia coli challenge. 
Vet Res. 2016;47:71. https:// doi. org/ 10. 1186/ s13567- 016- 0355-8.

 47. Qiu Y, Jiang Z, Hu S, Wang L, Ma X, Yang X. Lactobacillus plantarum 
enhanced IL-22 production in natural killer (NK) cells that protect the 
integrity of intestinal epithelial cell barrier damaged by enterotoxigenic 
Escherichia coli. Int J Mol Sci. 2017;18:2409. https:// doi. org/ 10. 3390/ ijms1 
81124 09.

 48. Krishnan S, Ding Y, Saedi N, Choi M, Sridharan GV, Sherr DH, et al. Gut 
microbiota-derived tryptophan metabolites modulate inflammatory 
response in hepatocytes and macrophages. Cell Rep. 2018;23:1099–111. 
https:// doi. org/ 10. 1016/j. celrep. 2018. 03. 109.

 49. Kohli N, Crisp Z, Riordan R, Li M, Alaniz RC, Jayaraman A. The microbiota 
metabolite indole inhibits Salmonella virulence: involvement of the 
PhoPQ two-component system. PLoS ONE. 2018;13:e0190613. https:// 
doi. org/ 10. 1371/ journ al. pone. 01906 13.

 50. Gao J, Xu K, Liu H, Liu G, Bai M, Peng C, et al. Impact of the gut microbiota 
on intestinal immunity mediated by tryptophan metabolism. Front Cell 
Infect Microbiol. 2018;8:13. https:// doi. org/ 10. 3389/ fcimb. 2018. 00013.

 51. Bianco C, Imperlini E, Calogero R, Senatore B, Amoresano A, Carpen-
tieri A, et al. Indole-3-acetic acid improves Escherichia coli’s defences 
to stress. Arch Microbiol. 2006;185:373–82. https:// doi. org/ 10. 1007/ 
s00203- 006- 0103-y.

 52. Kaper JB, Nataro JP, Mobley HL. Pathogenic Escherichia coli. Nat Rev 
Microbiol. 2004;2:123–40. https:// doi. org/ 10. 1038/ nrmic ro818.

 53. Baranzoni GM, Fratamico PM, Gangiredla J, Patel I, Bagi LK, Delannoy S, 
et al. Characterization of Shiga toxin subtypes and virulence genes in por-
cine Shiga toxin-producing Escherichia coli. Front Microbiol. 2016;7:574. 
https:// doi. org/ 10. 3389/ fmicb. 2016. 00574.

 54. Manno D, Ker K, Roberts I. How effective is tranexamic acid for acute 
gastrointestinal bleeding? BMJ. 2014;348:g1421. https:// doi. org/ 10. 1136/ 
bmj. g1421.

 55. Nishida T, Kinoshita T, Yamakawa K. Tranexamic acid and trauma-induced 
coagulopathy. J Intensive Care. 2017;5:5. https:// doi. org/ 10. 1186/ 
s40560- 016- 0201-0.

 56. Lier H, Maegele M, Shander A. Tranexamic acid for acute hemorrhage: a 
narrative review of landmark studies and a critical reappraisal of its use 
over the last decade. Anesth Analg. 2019;129:1574–84. https:// doi. org/ 10. 
1213/ ANE. 00000 00000 004389.

 57. Wu G, Bazer FW, Davis TA, Kim SW, Li P, Marc Rhoads J, et al. Arginine 
metabolism and nutrition in growth, health and disease. Amino Acids. 
2009;37:153–68. https:// doi. org/ 10. 1007/ s00726- 008- 0210-y.

 58. Wu G, Bazer FW, Burghardt RC, Johnson GA, Kim SW, Knabe DA, et al. 
Proline and hydroxyproline metabolism: implications for animal and 
human nutrition. Amino Acids. 2011;40:1053–63. https:// doi. org/ 10. 1007/ 
s00726- 010- 0715-z.

 59. Gogoi M, Datey A, Wilson KT, Chakravortty D. Dual role of arginine metab-
olism in establishing pathogenesis. Curr Opin Microbiol. 2016;29:43–8. 
https:// doi. org/ 10. 1016/j. mib. 2015. 10. 005.

 60. Hu C-AA, Khalil S, Zhaorigetu S, Liu Z, Tyler M, Wan G, et al. Human delta1-
pyrroline-5-carboxylate synthase: function and regulation. Amino Acids. 
2008;35:665–72. https:// doi. org/ 10. 1007/ s00726- 008- 0075-0.

 61. Reeds PJ, Burrin DG, Stoll B, Jahoor F. Intestinal glutamate metabolism. J 
Nutr. 2000;130:978S-982S. https:// doi. org/ 10. 1093/ jn/ 130.4. 978S.

 62. Ji FJ, Wang LX, Yang HS, Hu A, Yin YL. Review: the roles and functions of 
glutamine on intestinal health and performance of weaning pigs. Animal. 
2019;13:2727–35. https:// doi. org/ 10. 1017/ S1751 73111 90018 00.

 63. Kim HB, Borewicz K, White BA, Singer RS, Sreevatsan S, Tu ZJ, et al. Micro-
bial shifts in the swine distal gut in response to the treatment with anti-
microbial growth promoter, tylosin. Proc Natl Acad Sci. 2012;109:15485–
90. https:// doi. org/ 10. 1073/ pnas. 12051 47109.

https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.f.303
https://doi.org/10.1038/nmeth.3869
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1093/nar/gks1219
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1186/s40168-018-0470-z
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.1093/nar/gkab382
https://doi.org/10.1039/C5RA09513A
https://doi.org/10.3390/metabo11020081
https://doi.org/10.1186/s12917-018-1704-9
https://doi.org/10.3389/fmicb.2020.01110
https://doi.org/10.1002/mnfr.201800384
https://doi.org/10.1081/ABIO-120005767
https://doi.org/10.1081/ABIO-120005768
https://doi.org/10.1081/ABIO-120005768
https://doi.org/10.1186/s40104-022-00703-5
https://doi.org/10.1186/s40104-022-00703-5
https://doi.org/10.1007/s00726-017-2379-4
https://doi.org/10.1186/s40104-017-0192-2
https://doi.org/10.1186/s40104-017-0192-2
https://doi.org/10.1146/annurev.micro.091208.073210
https://doi.org/10.1146/annurev.micro.091208.073210
https://doi.org/10.1096/fasebj.12.15.1599
https://doi.org/10.1096/fasebj.12.15.1599
https://doi.org/10.1038/nchembio.1158
https://doi.org/10.1038/nchembio.1158
https://doi.org/10.1007/s00726-009-0269-0
https://doi.org/10.1007/s00726-017-2451-0
https://doi.org/10.1038/ni.2187
https://doi.org/10.1038/ni.2025
https://doi.org/10.1016/j.it.2012.01.003
https://doi.org/10.1016/j.it.2012.01.003
https://doi.org/10.1186/s13567-016-0355-8
https://doi.org/10.3390/ijms18112409
https://doi.org/10.3390/ijms18112409
https://doi.org/10.1016/j.celrep.2018.03.109
https://doi.org/10.1371/journal.pone.0190613
https://doi.org/10.1371/journal.pone.0190613
https://doi.org/10.3389/fcimb.2018.00013
https://doi.org/10.1007/s00203-006-0103-y
https://doi.org/10.1007/s00203-006-0103-y
https://doi.org/10.1038/nrmicro818
https://doi.org/10.3389/fmicb.2016.00574
https://doi.org/10.1136/bmj.g1421
https://doi.org/10.1136/bmj.g1421
https://doi.org/10.1186/s40560-016-0201-0
https://doi.org/10.1186/s40560-016-0201-0
https://doi.org/10.1213/ANE.0000000000004389
https://doi.org/10.1213/ANE.0000000000004389
https://doi.org/10.1007/s00726-008-0210-y
https://doi.org/10.1007/s00726-010-0715-z
https://doi.org/10.1007/s00726-010-0715-z
https://doi.org/10.1016/j.mib.2015.10.005
https://doi.org/10.1007/s00726-008-0075-0
https://doi.org/10.1093/jn/130.4.978S
https://doi.org/10.1017/S1751731119001800
https://doi.org/10.1073/pnas.1205147109


Page 16 of 16Kim et al. Journal of Animal Science and Biotechnology            (2024) 15:1 

•
 
fast, convenient online submission

 •
  

thorough peer review by experienced researchers in your field

• 
 
rapid publication on acceptance

• 
 
support for research data, including large and complex data types

•
  

gold Open Access which fosters wider collaboration and increased citations 

 
maximum visibility for your research: over 100M website views per year •

  At BMC, research is always in progress.

Learn more biomedcentral.com/submissions

Ready to submit your researchReady to submit your research  ?  Choose BMC and benefit from: ?  Choose BMC and benefit from: 

 64. Guevarra RB, Lee JH, Lee SH, Seok M-J, Kim DW, Kang BN, et al. Piglet gut 
microbial shifts early in life: causes and effects. J Anim Sci Biotechnol. 
2019;10:1. https:// doi. org/ 10. 1186/ s40104- 018- 0308-3.

 65. Willing BP, Russell SL, Finlay BB. Shifting the balance: antibiotic effects on 
host–microbiota mutualism. Nat Rev Microbiol. 2011;9:233–43. https:// 
doi. org/ 10. 1038/ nrmic ro2536.

 66. Scott KP, Gratz SW, Sheridan PO, Flint HJ, Duncan SH. The influence of diet 
on the gut microbiota. Pharmacol Res. 2013;69:52–60. https:// doi. org/ 10. 
1016/j. phrs. 2012. 10. 020.

 67. Zhao Y, Su J-Q, An X-L, Huang F-Y, Rensing C, Brandt KK, et al. Feed addi-
tives shift gut microbiota and enrich antibiotic resistance in swine gut. Sci 
Total Environ. 2018;621:1224–32. https:// doi. org/ 10. 1016/j. scito tenv. 2017. 
10. 106.

 68. Scotti E, Boué S, Sasso GL, Zanetti F, Belcastro V, Poussin C, et al. Exploring 
the microbiome in health and Disease: implications for toxicology. Toxicol 
Res Appl. 2017;1:2397847317741884. https:// doi. org/ 10. 1177/ 23978 
47317 741884.

 69. Staats JJ, Feder I, Okwumabua O, Chengappa MM. Streptococcus suis: 
past and present. Vet Res Commun. 1997;21:381–407. https:// doi. org/ 10. 
1023/a: 10058 70317 757.

 70. Su Y, Yao W, Perez-Gutierrez ON, Smidt H, Zhu WY. Changes in abundance 
of Lactobacillus spp. and Streptococcus suis in the stomach, jejunum and 
ileum of piglets after weaning. FEMS Microbiol Ecol. 2008;66:546–55. 
https:// doi. org/ 10. 1111/j. 1574- 6941. 2008. 00529.x.

 71. Fittipaldi N, Segura M, Grenier D, Gottschalk M. Virulence factors involved 
in the pathogenesis of the infection caused by the swine pathogen 
and zoonotic agent Streptococcus suis. Future Microbiol. 2012;7:259–79. 
https:// doi. org/ 10. 2217/ fmb. 11. 149.

 72. Van den Abbeele P, Belzer C, Goossens M, Kleerebezem M, De Vos WM, 
Thas O, et al. Butyrate-producing Clostridium Cluster XIVa species specifi-
cally colonize mucins in an in vitro gut model. ISME J. 2013;7:949–61. 
https:// doi. org/ 10. 1038/ ismej. 2012. 158.

 73. Kim J, Guevarra RB, Nguyen SG, Lee J-H, Jeong DK, Unno T. Effects of the 
antibiotics growth promoter tylosin on swine gut microbiota. J Microbiol 
Biotechnol. 2016;26:876–82. https:// doi. org/ 10. 4014/ jmb. 1512. 12004.

 74. Quan J, Cai G, Ye J, Yang M, Ding R, Wang X, et al. A global comparison of 
the microbiome compositions of three gut locations in commercial pigs 
with extreme feed conversion ratios. Sci Rep. 2018;8:4536. https:// doi. org/ 
10. 1038/ s41598- 018- 22692-0.

 75. Sciellour ML, Labussière E, Zemb O, Renaudeau D. Effect of dietary fiber 
content on nutrient digestibility and fecal microbiota composition in 
growing-finishing pigs. PLoS One. 2018;13:e0206159. https:// doi. org/ 10. 
1371/ journ al. pone. 02061 59.

 76. Stecher B, Hardt W-D. The role of microbiota in Infectious disease. Trends 
Microbiol. 2008;16:107–14. https:// doi. org/ 10. 1016/j. tim. 2007. 12. 008.

 77. Gänzle M, Follador R. Metabolism of oligosaccharides and starch in 
Lactobacilli: a review. Front Microbiol. 2012;3:340. https:// doi. org/ 10. 3389/ 
fmicb. 2012. 00340.

 78. Qiao N, Wittouck S, Mattarelli P, Zheng J, Lebeer S, Felis GE, et al. After the 
storm—perspectives on the taxonomy of Lactobacillaceae. JDS Commun. 
2022;3:222–7. https:// doi. org/ 10. 3168/ jdsc. 2021- 0183.

 79. Zeineldin M, Aldridge B, Lowe J. Antimicrobial effects on swine gastroin-
testinal microbiota and their accompanying antibiotic resistome. Front 
Microbiol. 2019;10:1035. https:// doi. org/ 10. 3389/ fmicb. 2019. 01035.

 80. Jinno C, Wong B, Klünemann M, Htoo J, Li X, Liu Y. Effects of supplemen-
tation of Bacillus amyloliquefaciens on performance, systemic immunity, 
and intestinal microbiota of weaned pigs experimentally infected with a 
pathogenic enterotoxigenic E. Coli F18. Front Microbiol. 2023;14:1101457. 
https:// doi. org/ 10. 3389/ fmicb. 2023. 11014 57.

https://doi.org/10.1186/s40104-018-0308-3
https://doi.org/10.1038/nrmicro2536
https://doi.org/10.1038/nrmicro2536
https://doi.org/10.1016/j.phrs.2012.10.020
https://doi.org/10.1016/j.phrs.2012.10.020
https://doi.org/10.1016/j.scitotenv.2017.10.106
https://doi.org/10.1016/j.scitotenv.2017.10.106
https://doi.org/10.1177/2397847317741884
https://doi.org/10.1177/2397847317741884
https://doi.org/10.1023/a:1005870317757
https://doi.org/10.1023/a:1005870317757
https://doi.org/10.1111/j.1574-6941.2008.00529.x
https://doi.org/10.2217/fmb.11.149
https://doi.org/10.1038/ismej.2012.158
https://doi.org/10.4014/jmb.1512.12004
https://doi.org/10.1038/s41598-018-22692-0
https://doi.org/10.1038/s41598-018-22692-0
https://doi.org/10.1371/journal.pone.0206159
https://doi.org/10.1371/journal.pone.0206159
https://doi.org/10.1016/j.tim.2007.12.008
https://doi.org/10.3389/fmicb.2012.00340
https://doi.org/10.3389/fmicb.2012.00340
https://doi.org/10.3168/jdsc.2021-0183
https://doi.org/10.3389/fmicb.2019.01035
https://doi.org/10.3389/fmicb.2023.1101457

	Impact of an oligosaccharide-based polymer on the metabolic profiles and microbial ecology of weanling pigs experimentally infected with a pathogenic E. coli
	Abstract 
	Background 
	Results 
	Conclusions 

	Background
	Materials and methods
	Animals, housing, experimental design, and diet
	Sample collections
	Untargeted metabolomics analysis
	Gut microbiota in distal colon
	Data analysis

	Results
	Metabolite profiles in serum
	Metabolite profiles in distal colon digesta
	Microbial profiles in distal colon digesta

	Discussion
	Changes in metabolites in serum and distal colon
	Changes in microbial community in distal colon

	Conclusions
	Anchor 21
	Acknowledgements
	References


