

[image: image1]
Effects of stimbiotic supplementation on gut health, immune response, and intestinal microbiota in weaned piglets challenged with E. coli












	
	TYPE Original Research
PUBLISHED 19 July 2023
DOI 10.3389/fvets.2023.1187002






Effects of stimbiotic supplementation on gut health, immune response, and intestinal microbiota in weaned piglets challenged with E. coli

Dongcheol Song1†, Jihwan Lee2†, Woogi Kwak1†, Hanjin Oh1, Seyeon Chang1, Jaewoo An1, Hyunah Cho1, Sehyun Park1, Kyeongho Jeon1 and Jinho Cho1*


1Department of Animal Science, Chungbuk National University, Cheongju, Republic of Korea

2Department of Poultry Science, University of Georgia (UGA), Athens, GA, United States

[image: image2]

OPEN ACCESS

EDITED BY
Balamuralikrishnan Balasubramanian, Sejong University, Republic of Korea

REVIEWED BY
Ilias Giannenas, Aristotle University of Thessaloniki, Greece
 jiashun chen, Hunan Agricultural University, China

*CORRESPONDENCE
 Jinho Cho, jinhcho@chungbuk.ac.kr

†These authors have contributed equally to this work and share first authorship

RECEIVED 15 March 2023
 ACCEPTED 27 June 2023
 PUBLISHED 19 July 2023

CITATION
 Song D, Lee J, Kwak W, Oh H, Chang S, An J, Cho H, Park S, Jeon K and Cho J (2023) Effects of stimbiotic supplementation on gut health, immune response, and intestinal microbiota in weaned piglets challenged with E. coli. Front. Vet. Sci. 10:1187002. doi: 10.3389/fvets.2023.1187002

COPYRIGHT
 © 2023 Song, Lee, Kwak, Oh, Chang, An, Cho, Park, Jeon and Cho. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.



In order to make piglet diets more effective, it is necessary to investigate effective methods for breaking down xylan in cereal. The objective of this study was to determine the effects of dietary stimbiotic (STB) supplementation on growth performance, intestinal morphology, immune response and intestinal microbiota in weaned piglets. A total of 24 (Duroc × Yorkshire × Landrace) weaned pigs (initial body weight of 8.01 ± 0.38 kg and 28 ± 3 d old), were assigned to 4 treatments with 6 replicates per treatment. Pigs were housed in individual pens for 17 days, including 5 days adaption period and 12 days after the first Escherichia coli (E. coli) challenge. The experiment was conducted in a 2 × 2 factorial arrangement of treatments consisting of two levels of challenge (challenge and non-challenge) and two levels of STB (0 and 0.5 g/kg diet). Supplementations of STB 0.5 g/kg improved the gain to feed ratio (G:F) (P < 0.05) in piglets challenged with shiga toxigenic E. coli (STEC). STB supplementation decreased (P < 0.05) white blood cells, neutrophils, lymphocytes, and expression levels of tumor necrosis factor-alpha and interleukin-6. Supplementation of STB improved (P < 0.05) the lymphocytes and neutrophils in piglets challenged with STEC on 12 dpi. Supplementation of STB also improved (P < 0.05) the villus height to-crypt depth ratio of ileum in piglets challenged with STEC. Supplementation of STB increased (P < 0.05) the expression levels of claudin-1 of ileum. In genus level, supplementation of STB increased (P < 0.001) the abundance of Prevotella compared to non-supplementation of STB groups in pre-inoculation period. Also, supplementation of STB decreased (P < 0.05) the abundance of Faecalibacterium and Eubacterium_coprostanoligenes_group compared to non-supplementation of STB groups in post-inoculation period. In phylum level, supplementation of STB increased (P < 0.05) the abundance of Desulfobacterota and Fibrobacterota in pre-inoculation period. E. coli challenge increased the abundance of Fibrobacterota compared to non-challenged group in post-inoculation period. In conclusion, these findings indicated that STB supplementation could alleviate a decrease of the performance, immune response, and inflammatory response in piglets induced by the STEC challenge.
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Introduction

Commonly, grains in feed contain variable amounts of non-starch polysaccharides (NSP), which can reduce absorption, decrease digestibility of nutrients, and increase digesta viscosity in the small intestines (1). Xylan, the most abundant fiber source in pig diets, is resistant to digestion by endogenous digestive enzymes (2). Additionally, xylan can result in gut leakage and inflammation by viscous digesta (3). To make piglet diets more effective, it is necessary to investigate effective methods for breaking down xylan into cereal.

Xylanase (XYL), a carbohydrase that can degrade NSP, has been used in the diets of monogastric animals to mitigate the growth performance (4). Zheng et al. (5) reported that xylanase supplementation reduced digesta viscosity and improved nutrient digestibility. According to Petry and Patience (6), supplementation of XYL improved growth performance and villus height in weaned piglets challenged with Escherichia coli (E. coli). Similarly, a mixture of XYL and protease supplementation mitigated the proliferation of coliforms in the ceca and improved the growth performance of the broilers (7).

Xylo-oligosaccharides (XOS) are derived from the hydrolysis of xylan and are made up of xylose monomers bonded together with β-(1, 4) linkages (8). In addition, XOS are considered prebiotics which are non-digestible dietary components that selectively fermented in the intestine (9). Such selective fermentation can change the activity of gut microbiome and promote short-chain fatty acid (SCFA) production (10).

Stimbiotic (STB), a complex of XYL and XOS, means “non-digestible but fermentable additive that obviously activates fiber-degrading microbiota to improve fiber fermentability at an insufficient amount” (11). Hence, STB has multi-function that reduces the antinutritive effects of NSP in feed and stimulates the microbiota to produce more SCFA (12). It may be possible to increase the fermentability of NSP by the supplementation of STB.

In the weaning period, piglets face new environments and experience intestinal morphological changes because of solid diet feeding (13). Post-weaning diarrhea (PWD) caused by these stress factors can lead to changes in gastrointestinal microbiology and immunology (14). Weaning stress has a negative impact on reduced feed intake, poor growth performance, and disease susceptibility (15). Especially, E. coli is the main cause of diarrhea, and gut microbiome is associated with diarrhea (16). For an experiment to be successful, it is crucial to develop a model that mimics an outbreak of PWD in a commercial setting. According to our previous studies (11, 14), we determined the optimal dosage of E. coli. Our previous study showed that supplementation of STB 0.5 g/kg and 1 g/kg improved gut health compared with non-supplementation of STB (11). However, supplementation of STB 0.5 g/kg showed a higher improvement in immune response such as pro-inflammatory cytokines compared with supplementation of STB 1 g/kg. However, we conducted the experiment and the effects of dietary STB supplementation of 0.5 g/kg on growth performance, intestinal health, and immune response in weaned piglets challenged with the PWD infection model. Therefore, we hypothesized that (1) experimental induction of PWD could increase the damage of intestinal mucosa and inflammatory response and (2) supplementation of STB 0.5 g/kg could reduce the antinutritive effects of NSP and provide beneficial bacteria which improve gut health and immunity. To test these hypotheses, we induced inflammation and gut damage through oral inoculation of E. coli and then investigated the effects of STB supplementation on gut health.



Materials and methods


Ethics approval and consent to participate

The protocol for this study was reviewed and approved by the Institutional Animal Care and Use Committee of Chungbuk National University, Cheongju, Korea (approval no. CBNUA-1697-22-01).



Bacterial strains, culture, and challenges

Shiga toxin-producing E. coli F18 was provided in stock form. The F18 E. coli expressed heat-labile toxin (LT) and Shiga toxin type 2e (stx2e). In total, 10 μl of thawed E. coli stock was inoculated into 10 ml of nutrient broth and cultured at 37°C for 24 h and then subcultured. Thereafter, the subcultured E. coli was smeared on MacConkey agar to confirm the bacterial enumeration. A final concentration of 1.2 × 1010 CFU/ml was used in this study.



Animals, experimental design, and diets

A total of 24 (Duroc × Yorkshire × Landrace) weaned pigs (initial body weight of 8.01 ± 0.38 kg and 28 ± 3 days old) were assigned to 4 treatments with 6 replicates per treatment. Pigs were housed in individual pens for 17 days, including 5 days of adaptation period and 12 days after the first E. coli challenge (d 0). The experiment was conducted in a 2 × 2 factorial arrangement of treatments consisting of two levels of challenge (challenge and non-challenge) and two levels of STB (0 and 0.5 g/kg diet). Corn and soybean meal basal diets were formulated to meet or exceed the nutrient requirements for the weaned piglets as recommended by NRC (Table 1) (17). STB used in this study was obtained by a commercial company (Eugene-Bio, Suwon, South Korea). The pigs were fed daily at 8:30 and 17:00 h and had ad libitum access to water. Feed residues were removed before the next meal and considered in the calculations. In the E. coli challenge treatments, all pigs were orally inoculated by dividing 10 ml of E. coli F18 for 3 consecutive days. Challenged piglets and non-challenged piglets were housed in a separate room. Strict biosecurity procedures were followed to avoid E. coli contamination of the non-challenged piglets.


TABLE 1 Compositions of basal diets (as-fed-basis).
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Growth performance

All piglets were weighed every week during the experimental period, and feed consumption was recorded to calculate average daily gain (ADG), average daily feed intake (ADFI), and gain-to-feed ratio (G:F).



Diarrhea scores

The diarrhea scores were individually recorded at 08:00 and 17:00 h by the same person during the entire experimental period. The diarrhea score was scored using a method used by Zhao et al. (18). The diarrhea scores were assigned as follows: 0, normal feces; 1, soft feces; 2, mild diarrhea; and 3, severe diarrhea.



Nutrient digestibility

To estimate the digestibility, 0.2% chromium oxide (Cr2O3) was supplemented with diets as an indigestible marker. Pigs were fed diets mixed with chromium oxide for 4 consecutive days from days post-inoculation (DPI) 4 and 12, and fresh excreta samples were collected in that period. At the end of the experiment, fecal samples were stored at −20°C and dried at 70°C for 72 h and then ground to pass through a 1 mm screen. All analysis items (feed and fecal) were analyzed for DM and CP. The procedures utilized for the determination of dry matter (DM) and crude protein (CP) digestibility were conducted with the AOAC methods (19). Chromium was analyzed with an ultraviolet absorption spectrophotometer (UV-1201, Shimadzu, Kyoto, Japan). The digestibility was calculated using the following formula: digestibility (%) = [1–(Nf × Cd)/(Nd × Cf)] × 100, where Nf is the nutrient concentration in feces (% DM), Nd is the nutrient concentration in diet (% DM), Cd is the chromium concentration in diet (% DM), and Cf is the chromium concentration in feces (% DM).



Blood profile

Blood samples were obtained from the jugular vein of 6 pigs, each treatment at dpi 0, dpi 2, dpi 4, dpi 7, and dpi 12. At the time of collection, blood samples were collected into vacuum tubes containing K3EDTA for CBC analysis and non-heparinized tubes for serum analysis, respectively. After collection, blood samples were centrifuged (3,000 × g for 15 min at 4°C). The white blood cells (WBC), basophils, neutrophils, and lymphocyte levels in the whole blood were measured using an automatic blood analyzer (ADVIA 120, Bayer, NY, USA).



Morphological analysis of small intestine

At the end of the experiment (dpi 12), pigs were anesthetized with carbon dioxide gas after blood sampling and euthanized by exsanguination. Intestinal tissues of approximately 10 cm from the ileum (close to the ileocecal junction) were collected and fixed in 10% neutral buffered formalin (NBF; Sigma–Aldrich, St. Louis, MO, United States). After cutting the intestine sample, it was dehydrated and dealcoholized. The samples were, then, installed on slides, treated with paraffin, and stained with hematoxylin and eosin. Villus height (VH) and crypt depth (CD) were measured under the light microscope (OLYMPUS DP71, BX50F-3, Olympus Optical Co. Ltd., Tokyo, Japan). VH was determined by measuring the distance between the tip of the villi to the villus crypt junction, and CD was determined by measuring the distance between adjacent villi.

The hematoxylin-eosin-stained slides were also used for goblet cell counting. In crypts, goblet cells were counted in the five best-oriented crypts/intestinal tract, from crypt mouth to base (adjacent to submucosa). The number of goblet cells is expressed as the mean number per crypt per tract and mean number of goblet cells/100 μm of crypts (mean data of crypt length). This was determined in order to supply the number of cells/crypt (anatomo-functional unit), flanked by number of goblet cells/unit length of epithelium (linear density), that is more comparable with bibliographic data (Obj. 40X). The equation to determine the number of goblet cells/100 μm was: goblet cells/100 μm = number of goblet cells × 100/(crypt depth × 2) (20). In villi, goblet cells were counted in the five best-oriented villi/intestinal tract, from villus tip to base (adjacent to crypt mouth). The number of goblet cells is expressed as the mean number/villus per tract and the mean number of goblet cells/100 μm of villi epithelium (mean data of villus height).



Measurements of pro-inflammatory cytokine and immunoglobulin

The inflammatory biomarkers such as interleukin-6 (IL-6) and tumor necrosis factor α (TNF-α) were measured using commercially available ELISA kits, according to the manufacturer's instructions (R&D Systems, Minneapolis, MN). Immunoglobulin G (IgG) and immunoglobulin A (IgA) levels were gauged using an automatic biochemistry blood analyzer (Hitachi 747; Hitachi, Tokyo, Japan).



Expression of tight junction proteins

The intestinal sample stored at −80°C after sampling was homogenized and used for calprotectin and claudin-1 (CLDN-1) concentration analysis. The concentration of total protein was quantified using a Pierce BCA protein assay kit (#23225, Thermo Fisher Scientific, Waltham, MA, USA). After the homogenized intestinal sample was diluted to reach a working range of 20–2,000 μg/ml, the absorbance was measured at 562 nm. The total protein concentration was calculated as a standard curve and used to normalize the concentrations of calprotectin and CLDN-1. The relative protein expression of calprotectin and CLDN-1 was determined by using commercially available ELISA kits (Cat no. MBS707210, MBS025129; Mybiosource, San Diego, CA, USA). Homogenized intestinal samples were diluted to reach a working range of 0.312–20 ng/ml for calprotectin and 0.5–16 ng/ml for CLDN-1. Both absorbances were measured at 450 nm. The concentrations of calprotectin and CLDN-1 were calculated by the standard curve and described as ng/mg of protein.



16S metagenomic data analysis

Bacterial 16S rRNA sequencing data of the two different metagenomics sequencing methods were analyzed using QIIME2 next-generation microbiome bioinformatics pipeline for comparative metagenomics study. The samples were sent to Sanigen (Anyang, South Korea) for microbial sequencing using the 16s rRNA technique. All raw input data were transformed in the form of QIIME2 artifacts, which contain information about the data types and sources for the downstream processing. From raw sequence data, the amplicon sequence variants (ASVs) were obtained using the Divisive Amplicon Denoising Algorithm 2 (DADA2) within QIIME 2 plugin, which detected and corrected amplicon errors and filtered out the potential base error and chimeric sequences (21, 22). The relative classification frequency table represented differential abundance tests at specific taxonomic levels was created using collapse and feature-table within the QIIME2 plugins. The “diversity” QIIME2 plugin was used to estimate alpha diversity measurements and plots using the R bioinformatics packages. This microbial diversity analysis pipeline was designed to use the ASV table (a higher resolution analog than the traditional OTU table) of the ASV picking step as necessary input data. Analyzing the differences in species richness and evenness scores considering the sampling depth was measured using the observed OTUs and Chao1, Shannon, and Simpson indices. Each index estimates the V3-V4 hypervariable region of the bacterial 16S rRNA gene. In addition, a difference in the relative abundance was analyzed by comparing the average bacterial proportion and composition investigated in each taxonomic ranking. Additionally, according to the different amplicon regions, the bacterial classification accuracy was cross-checked by comparing the taxonomy matching rate of each ASV taxonomy and NCBI bacterial reference genome database at the phylum and genus levels.



Statistical analysis

Statistical analyses and graph construction were performed using JMP Pro 16 (SAS Institute Inc., Cary, NC, United States) and GraphPad Prism (Version 9.1.0; GraphPad Software, San Diego, CA), respectively. Parametric data (growth performance, ileal morphology, blood profile, cytokine level, and TJ proteins) were submitted to two-way ANOVA using the Standard Least Squares model. The statistical model included the effect of the E. coli challenge (chal -, chal +), the effect of STB supplementation (0, 0.5 g/kg), and the interaction between E. coli and STB, and initial body weight at the start of the trial (d 0) was also included as a covariate. The richness and alpha diversity were calculated with raw counts based on Shannon estimators. For quantitative beta diversity measurement, each treatment group was placed as the control group, and treatment groups were compared by using PROC MIXED with Dunnett's post-hoc test. Non-parametric data (diarrhea score) were analyzed using contingency analysis to test the relationship between categorical variables (scores) and the different combinations tested in this study. A chi-square test was performed to determine if the different combinations had an effect on the categorical variables, repartition with significance accepted at P < 0.05.




Results


Growth performance

The effects of STB supplementation on the growth performance of piglets are presented in Table 2. There was an interaction (P < 0.05) between the supplementation of STB and E. coli challenge in BW, ADG, ADFI, and G:F. Piglets supplemented STB5 with E. coli challenge had higher BW on 7 dpi (P = 0.005) and final (P = 0.002) compared with piglets fed STB0 with E. coli challenge.


TABLE 2 Effects of stimbiotic supplementation on growth performance in pigs challenged with STEC.
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Incidence of diarrhea

An overview of the incidence of diarrhea is shown in Figure 1. After the E. coli challenge, there were differences in diarrhea scores from 1 to 7 dpi. E. coli challenge increased (P = 0.0004) the average diarrhea scores compared with the non-challenged group. Supplementation of STB5 decreased (P < 0.001) the average diarrhea scores compared with supplementation of STB0. There was an interaction between supplementation of STB and E. coli challenge in diarrhea score on days 0 to 12.


[image: Figure 1]
FIGURE 1
 Effects of STB in weaned piglets challenged with E. coli on diarrhea score. χ2 = 19.571, P = 0.0208. Numbers inside the bar indicate the percentage of score out of total (100%) as shown in the legend. a,bMean scores followed by different superscripts in the bar graph indicate statistical significance by Student's t-test (P < 0.05).




Nutrient digestibility

E. coli challenge decreased the CP digestibility on 1w and 2w compared with the non-challenged groups (Table 3). There was an interaction between STB and E. coli challenge in digestibility on 2w. Piglets supplemented with STB5 with E. coli challenge had higher digestibility of CP, DM, and GE on 2w compared with piglets supplemented with STB0 with E. coli challenge.


TABLE 3 Effects of stimbiotic supplementation on digestibility in pigs challenged with STEC.
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Blood profile

E. coli challenge increased (P < 0.05) WBC and neutrophils and decreased (P < 0.05) lymphocytes compared with the non-challenged group during the post-inoculation period (Table 4). The piglets fed STB5 had improved (P < 0.05) neutrophils and lymphocytes in 12 dpi compared with STB0. There was an interaction between STB and E. coli challenge in WBC, neutrophils, and lymphocytes. Piglets supplemented STB5 with E. coli challenge improved WBC (P = 0.024), neutrophils (P = 0.002), and lymphocytes (P = 0.002) compared with piglets fed STB0 with E. coli challenge on 12 dpi.


TABLE 4 Effects of stimbiotic supplementation on blood profile in pigs challenged with STEC.
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Measurements of pro-inflammatory cytokine

E. coli challenge increased (P < 0.05) TNF-α and IL-6 and decreased (P < 0.05) IgG compared with the non-challenged group during the post-inoculation period (Table 5). Supplementation of STB5 improved (P < 0.05) TNF-α on 2 and 12 dpi compared with STB0. In addition, supplementation of STB5 improved (P < 0.05) IL-6 on 4, 7, and 12 dpi compared with STB0. There was an interaction between STB and E. coli challenge in TNF- α and IL-6. Piglets supplemented with STB5 with E. coli challenge improved (P < 0.05) IL-6 on 4, 7, and 12 dpi compared with piglets fed STB0 with E. coli challenge. In addition, piglets supplemented STB5 with E. coli challenge improved (P < 0.05) TNF-α compared with piglets fed STB0 with E. coli challenge on 12 dpi.


TABLE 5 Effects of stimbiotic supplementation on cytokine in pigs challenged with STEC.
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Morphological analysis of the small intestine

There was no interaction between supplementation of STB and E. coli challenge in villus height, crypt depth, and height-to-depth ratio. E. coli challenge decreased (P = 0.021) villus height of the ileum (Figure 2, Table 6). Supplementation of STB increased (P > 0.05) VH and HDR. However, there was no difference between E. coli and supplementation of STB in CD. There was no interaction between supplementation of STB and E. coli challenge in counts of goblet cells. E. coli challenge increased (P = 0.005) the counts of goblet cells in the villus.


[image: Figure 2]
FIGURE 2
 Histological analysis of the intestinal morphology of weaned piglets. Figures display the morphology of the ileum tissue from pigs in four dietary treatments.



TABLE 6 Effects of stimbiotic supplementation on villus height and counts of goblet cell in pigs challenged with STEC.
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Expression of tight junction proteins

There was no interaction between the supplementation of STB and E. coli challenge in CLDN-1 and calprotectin (Figure 3). E. coli challenge downregulated (P < 0.05) the expression of CLDN-1 while supplementation of STB upregulated (P < 0.05) the expression of CLDN-1. In addition, the E. coli challenge upregulated (P < 0.001) the expression of calprotectin compared with the non-challenged group. However, supplementation of STB did not affect (P > 0.05) the expression of calprotectin.


[image: Figure 3]
FIGURE 3
 Effects of STB in weaned piglets challenged with E. coli on CLDN-1. a,b,cMean scores followed by different superscripts in the bar graph indicates statistical significance by Student's t-test (P < 0.05).




Alpha diversity of the fecal microbiome

No differences were observed in the alpha diversity parameters including Chao 1, Simpson, and Shannon indices on d 0 and dpi 12.



Beta diversity of the fecal microbiome

No differences were observed in unweighted and weighted unifrac distance to each treatment both on d 0 and dpi 12 (P < 0.05; Figures 4–6).


[image: Figure 4]
FIGURE 4
 Weighted Unifrac measurement in negative control (NC): basal diet; positive control (PC): NC + E. coli challenge; treatment 1 (T1): NC + stimbiotic 0.5 g/kg; treatment 2 (T2): PC + stimbiotic 0.5 g/kg. Each treatment group was placed as the control group, and treatment groups were compared by using one-way PROC MIXED with Dunnett's post-hoc test.
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FIGURE 5
 Unweighted unifrac measurement in negative control (NC): basal diet; positive control (PC): NC + E. coli challenge; treatment 1 (T1): NC + stimbiotic 0.5 g/kg; treatment 2 (T2): PC + stimbiotic 0.5 g/kg. Each treatment group was placed as the control group, and treatment groups were compared by using one-way PROC MIXED with Dunnett's post-hoc test.



[image: Figure 6]
FIGURE 6
 Visualized beta diversity indices including unweighted and weighted emperor in negative control (NC): basal diet; positive control (PC): NC + E. coli challenge; treatment 1 (T1): NC + stimbiotic 0.5 g/kg; treatment 2 (T2): PC + stimbiotic 0.5 g/kg.




Relative abundance

At the genus level, supplementation of STB increased (P < 0.001) the abundance of Prevotella compared with non-supplemented STB groups in the pre-inoculation period (Table 7; Figure 7). In addition, supplementation of STB decreased (P < 0.05) the abundance of the Faecalibacterium and Eubacterium_coprostanoligenes_group compared with the non-supplemented STB groups in the post-inoculation period. E. coli challenge decreased (P < 0.05) the abundance of Clostridium_sensu_stricto_1 and Faecalibacterium compared with the non-challenged groups in the post-inoculation period. There was an interaction between the supplementation of STB and E. coli challenge in the abundance of Muribaculaceae and Faecalibacterium in the post-inoculation period. Piglets supplemented STB5 with E. coli challenge decreased (P < 0.05) the abundance of Muribaculaceae and Faecalibacterium compared with piglets fed STB0 with E. coli challenge.


TABLE 7 Relative abundance of fecal microbiota at the genus level in pigs challenged with STEC on d 0 and 12 dpi and fed diets supplemented with stimbiotic.
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FIGURE 7
 (A) 16S rRNA gene analysis revealed the relative abundance of fecal bacterial community structure at the genus level in piglets challenged with E. coli in negative control (NC): basal diet; positive control (PC): NC + E. coli challenge; treatment 1 (T1): NC + stimbiotic 0.5 g/kg; treatment 2 (T2): PC + stimbiotic 0.5 g/kg. (B) 16S rRNA gene analysis revealed the relative abundance of fecal bacterial community structure at the phylum level in piglets challenged with E. coli in negative control (NC): basal diet; positive control (PC): NC + E. coli challenge; treatment 1 (T1): NC + stimbiotic 0.5 g/kg; treatment 2 (T2): PC + stimbiotic 0.5 g/kg.


In the phylum level, supplementation of STB increased (P < 0.05) the abundance of Desulfobacterota and Fibrobacterota in the pre-inoculation period (Figure 7, Table 8). However, supplementation of STB decreased (P = 0.040) the abundance of Fibrobacterota compared with the non-supplemented group in the post-inoculation period. E. coli challenge increased the abundance of Fibrobacterota compared with the non-challenged group in the post-inoculation period. There was an interaction between the supplementation of STB and E. coli challenge in the abundance of Fibrobacterota. Piglets supplemented STB5 with E. coli challenge decreased (P = 0.010) the abundance of Fibrobacterota compared with piglets supplemented STB0 with E. coli challenge.


TABLE 8 Relative abundance of fecal microbiota at the phylum level in pigs challenged with STEC on d 0 and 12 dpi and fed diets supplemented with stimbiotic.
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Discussion

Weaned piglets are commonly affected by PWD, which decreases their growth performance and increases their mortality (23). E. coli F18 is a primary pathogen associated with PWD in weaned piglets (24). It is known that E. coli F18 attaches to a specific receptor on the epithelium of the pig's intestinal tract through their fimbriae (25). As a result of colonization of the gut, toxins are produced, causing diarrhea (26). In many research facilities, experimental induction of PWD has been used to test the efficacy of functional additives under commercial PWD conditions (27–29). Furthermore, these studies have evaluated the gut health and immune response in weaned piglets challenged with E. coli.

The results obtained from this study showed that supplementation of 0.5 g/kg of STB could mitigate growth performance, diarrhea rate, intestinal morphology, and index of inflammation of weaned piglets challenged with E. coli infection. These results were consistent with other types of research, indicating an improved immune response after supplementation of STB (11, 30).

In the current study, F18 E. coli infection was accomplished in agreement with our previous studies using an E. coli challenge model in weaned piglets (9, 12). According to Kim et al. (31), heat-labile toxin and Shiga toxin induce gut permeability and inflammation, which, in turn, increase cytokines.

The integrity of the intestinal barrier is strictly regulated by Tight junction (TJ) proteins including CLDN, occludin, and zonula occludin which are continuously threatened by pro-inflammatory stimuli (32). Especially, CLDN-1, a representative TJ protein in mammals, enhances gut barriers to stop the loss of electrolytes (33). As a marker of neutrophilic inflammation in the gut, calprotectin concentrations are associated with the histological activity of inflammatory bowel disease (34). In the present study, supplementation of STB5 decreased the gross diarrhea incidence in E. coli-challenged piglets. This result is similar to those of previous studies showing that supplementing carbohydrase and XOS could alleviate diarrhea incidence in pigs (35, 36). It would be possible that increased expression of CLDN-1 in ileal mucosa fortified the intestinal barrier function in pigs fed STB infected with E. coli. TNF-α is a crucial pro-inflammatory cytokine in reaction to an infection by bacteria which is produced by neutrophils (31). IL-6 is also a pro-inflammatory cytokine expressed widely across vertebrates and plays multiple physiological roles involved in inflammation (37). TNF-α and IL-6 are served as biological indicators of intestinal inflammation in pigs (34, 38). Our observation indicated that supplementation of STB decreased the concentration of TNF-α and IL-6 in piglets infected with E. coli. Similar research reported that feeding STB improved TJ proteins between epithelial cells and reduced the production of pro-inflammatory cytokines such as TNF-α and IL-6 (39). Serum IgG and IgA are known to play an important role in humoral immunity.

The immune system depends on WBC, which includes neutrophils, lymphocytes, basophils, monocytes, and eosinophils, to control infections in the body, and the count of WBC is considered a marker of infection (40). The primary line of protection against bacterial infection is provided by neutrophils, and lymphocytes provide particular cellular and humoral immune responses (41). In the present study, E. coli infection increased counts of WBC and neutrophils, but supplementation of STB decreased the count of WBC and neutrophils in piglets infected with E. coli. In addition, the ratio of neutrophils to lymphocytes as a biomarker of inflammation was increased by E. coli infection. Similarly, the previous study reported that supplementation of mannan-oligosaccharide (MOS) decreased the neutrophils in broilers (42).

VH and CD are markers of enterocyte proliferation and villus damage (43). Shorter VH and deeper CD may indicate the presence of toxins (44). The villus contains enterocytes, goblet cells, and enteroendocrine cells that line the space, and the crypt contains undifferentiated cells and a subset of differentiated secretory cells (5). In our current study, E. coli infection decreased the VH, but supplementation of STB increased the VH, VH:CD, and goblet cells in the villi of piglets infected with E. coli. It has been reported that supplementation of MOS increased the villus height in weaned piglets (45). However, our results showed that supplementation of STB did not affect ileal CD. According to Luise et al. (46), XYL supplementation did not affect jejunal CD in weaned piglets which are genetically susceptible to ETEC. Zhang et al. (47) reported that the morphology of intestinal villi is tightly associated with the absorption of nutrients. Consistent with the results of the morphology of the small intestine, the digestibility of CP was also decreased by E. coli infection. There was an interaction effect between STB and E. coli infection. These findings support that supplementation of STB might mitigate inflammation and improve CP digestibility in E. coli-infected piglets.

Pathogenic challenges impair pig intestinal integrity by disturbing intestine microbial balance (48, 49). At the phylum level, Fibrobacterota is known for degrading lignocellulosic materials in the gut (47). Our study indicated that supplementation of STB increased the relative abundance of Fibrobacterota in the post-inoculation period. Desulfobacterota is associated with inflammation and increased relative abundance of Desulfobacterota, reducing VH and epithelial cells and downregulating the expression of TJ proteins (50). In the current study, the relative abundance of Desulfobacterota increased after E. coli infection. Similar research indicated that the abundance of Desulfobacterota is increased in broilers challenged with C.perfrigens (51).

At the genus level, Prevotella is associated with the production of acetate and butyrate in the small intestine (52). In the current study, supplementation of STB increased the relative abundance of Prevotella. Similar research indicated that the fermentation of xylan leads to the increased production of short-chain fatty acids such as butyrate (53).



Conclusion

The results of this study support the hypothesis that supplementation of STB is capable of alleviating the growth performance and intestinal morphology, immune response, and gut microbiota in weaned piglets infected with E. coli. Our results supported that STB supplementation might increase the fermentability of NSP and reduce the antinutritive effects of NSP. Therefore, STB could be used as an antidiarrheal growth stimulator in weaned piglets.
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Faecalibacterium 191 1.52 655 2.16 0.900 172 435 423 1.84 0.008 0015 0.038
Eubacterium_ 256 3.07 352 213 0.460 281 2.83 3.04 2.60 0.974 0.035 0.052
coprostanoligenes_group
Clostridia_UCG-014 3.01 215 2.74 2.89 0.865 2.58 2.81 2.87 2.52 0.790 0.687 0.569
Rest 46.56 5158 39.66 45.55 4.486 49.07 42.60 43.11 48.56 0.165 0238 0.924

-C, non-challenge with STEC; +C, challenge with STEC; 0 and 0.05, supplementation of STB 0, 0.05%.
ISE, standard error.
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DO

WBC, 10°/pL 15.65 15.69 15.07 15.13 0.761 15.67 15.09 1536 15.41 0.947

Bas, % 0.07 0.10 0.07 0.03 0.026 0.08 0.50 0.07 0.07 1.000

Neu, % 48.20 50.73 53.00 47.00 3.406 4947 50.00 50.60 48.87 0.616

Lym, % 4653 43.67 40.60 4697 3.466 45.10 4378 43.57 45.32 0.619

NiL 1.04 119 147 1.07 0.170 L12 127 1.26 113 0472

Post

D2

WBC, 10°/pL. 1678 1653 2558 25.07 1.486 16.53 2532 2118 20.80 <0.001 0.803 0.931
Bas, % 0.03 0.03 0.07 0.07 0.021 0.03 0.07 0.05 0.05 0.130 1.000 1.000
Neu, % 50.53 51.57 55.00 57.17 2.125 51.05 56.08 5277 54.37 0.028 0.460 0.793
Lym, % 4127 44.97 3523 33.13 2502 43.12 34.18 38.25 39.05 0.002 0.753 0.260
NiL 131 115 1.57 1.82 0.138 123 1.69 144 1.48 0.003 0.757 0.152
D4

WBC, 10°/pL 15.89 15.69 2825 26.11 1.187 1578 27.18 22.07 20,90 <0.001 0336 0.421
Bas, % 0.07 0.07 0.07 0.07 0.028 0.07 0.07 0.07 0.07 1.000 1.000 1.000
Neu, % 47.67 48.13 62.53 55.73 3.651 47.90 59.13 55.10 51.93 0.006 0396 0332
Lym, % 4537 46.60 30.47 39.97 3,509 45.98 3522 37.92 43.28 0.006 0.142 0.253
NiL 114 111 227 147 0255 L12 1.87 1.70 1.29 0.009 0.123 0.145
D7

WBC, 10°/pL 15.74 1538 26.13 2002 1.922 15.56 23.07 2094 17.70 0.001 0.108 0.150
Bas, % 0.10 007 0.07 0.10 0.030 0.08 0.08 0.08 0.08 1.000 1.0000 0.277
Neu, % 4493 4217 51.83 47.40 4.024 43.55 19.62 48.38 44.78 0.147 0382 0.838
Lym, % 45.70 48.90 40.67 43.73 3.268 47.30 47.20 43.18 46.32 0.134 0349 0.984
N:L 1.08 0.90 1.30 113 0.153 0.99 122 1.20 1.02 0.154 0274 0.990
D12

WBC, 10°/uL 15.76" 16.48" 21.38° 17.59" 0.925 16.12 19.48 18.57 17.03 0.002 0.112 0.024
Bas, % 0.10 0.10 0.07 0.07 0.024 0.10 0.07 0.08 0.08 0.173 1.000 1.000
Neu, % 40.87° 40.80° 47.23 40.70° 0.906 40.83 43.97 44.05 40.75 0.003 0.002 0.002
Lym, % 5313 5247 47.10° 53.00° 0.903 52.80 50.05 50.12 5273 0.006 0.009 0.002
N:L 0.77° 0.78" Lo1* 0.77° 0.033 078 0.89 0.89 0.77 0.002 0.002 0.001

-C, non-challenge with STEC; +C, challenge with STEC; 0 and 0.05, supplementation of STB 0, 0.05%; WBC, white blood cell; Bas, basophils; Neu, neutrophils; Lym, lymphocytes; N:L,
neutrophils to lymphocytes ratio; Post, post-inoculation period.

ISE, standard error.

abValues within a row with different superscripts are significantly different.
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Items, %

Post
1w
DM 89.92 | 89.62 89.96 89.81 0308 89.77 89.89 89.94 89.72 0705 0.486 0.803
cp 70.19 | 6930 66.62 68.57 0774 69.74 67.60 68.40 68.93 0012 0501 0.081
GE 7113 | 7078 69.94 70.39 1276 70.96 70.17 7054 7058 0543 0970 0.761
2W
DM 90.81° | 9030° | 8928° | 9105 0384 90.56 90.16 90.05 90.68 0316 0.117 0.008
cp 7140° | 7092 | 6565° | 7081° 1319 7116 68.23 68.53 70.86 0018 0.052 0.022
GE 7349 | 74100 | 67.52° | 7486 1325 7379 7119 7050 7448 0.057 0.006 0.017

-C, non-challenge with STEC; +C, challenge with STEC; 0 and 0.05, supplementation of STB 0, 0.05%; Post, post-inoculation period.
ISE, standard error.
5 Values within a row with different superscripts are significantly different.
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P-value

STB  CxSTB
BW, kg
Initial (D-5) 8.01 8.03 8.00 801 0170 8.02 8.00 8.01 8.02 0938
DO 828 8.23 823 8.37 0.157 825 830 8.25 830 0.762
D7 10120 | 9.89% 936" 10.09* 0.149 10.01 9.72 9.74 9.99 0073 0.106 0.005
Final (D12) 1L13* | 1116 10.35> 1L17° 0.108 1114 10.76 10.74 1116 0.002 0.001 0.002
Pre
d-5to0
ADG, kg 005 | 0.04 0.05 0.07 0013 0.05 0.06 005 0.06 0592
ADFI, kg 017 | 0.16 0.15 018 0.021 0.16 0.16 0.16 017 0.708
GF 031 025 026 037 0.047 028 032 029 031 0620
Post
dOto7
ADG, kg 026' | 024 0.16" 025 0017 025 020 021 024 0014 0.112 0.005
ADFI, kg 0.34% | 034 0.33° 0.35° 0.005 0.34 0.34 0.34 0.35 0.510 0.028 0.006
GF 076" | 070° 049" 0.70° 0.044 073 059 0.62 070 0.006 0124 0.007
d7to12
ADG, kg 025 | 032 025 027 0018 0.28 0.26 025 029 0.177 0028 0277
ADFI kg 040 | 0.40 0.40 0.40 0.001 0.40 0.40 0.40 0.40 0717 0039 0717
GF 064 | 079 0.62 0.68 0.045 071 0.65 0.63 073 0.172 0.034 0291
dOto12
ADG, kg 026' | 027 0.19° 025 0011 026 022 023 026 0.002 0.005 0.020
ADFI, kg 036" | 036® 035" 037 0.003 036 036 036 037 0543 0022 0.009
GF 071* | 073 055 0.69° 0.026 0.72 0.62 063 071 0.001 0.005 0034

-C, non-challenge with STEC; +C, challenge with STEC; 0 and 0.05, supplementation of STB 0, 0.05%; BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; G:F,
gain-to-feed ratio; Pre, pre-inoculation period; Post, post-inoculation period.

ISE, standard error.

abValues within a row with different superscripts are significantly different.
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ltems Content

Ingredients, %

Corn 3443
Extruded corn 15.00
Lactose 10.00
Dehulled soybean meal, 51% CP* 13.50
Soy protein concentrate, 65% CP* 10.00
Plasma powder 6.00
Whey 5.00
Soy oil 2.20
Monocalcium phosphate 1.26
Limestone 1.40
L-Lysine-HCl, 78% 0.06
DL-Methionine, 50% 0.15
Choline chloride, 25% 0.10
Vitamin premix" 0.25
Trace mineral premix® 0.25
Salt 0.40
Total 100.00
Calculated value

ME, Kcal/kg 3433
CP, % 20.76
Lysine, % 1.35
Methionine, % 0.39
Ca 0.82
P 0.65
Analyzed value

ME, keal/kg 3512
CP,% 20.92

3CP, crude protein.

®Provided per kg of complete diet: vitamin A, 11,025 IU; vitamin Ds, 1103 IU; vitamin E, 44
1U; vitamin K, 4.4 mg; riboflavin, 8.3 mg; niacin, 50 mg; thiamine, 4 mg; d-pantothenic, 29 mg;
choline, 166 mg; and vitamin By, 33 mg.

Provided per kg of complete diet without Zinc: Cu (as CuSO405H,0), 12 mg; Mn (as MnO;),
$mg; I (as KI), 0.28 mg; and Se (as Na,SeO305H,0), 0.15 mg.
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