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Abstract 7 

Post-weaning diarrhea caused by enterotoxigenic Escherichia coli (ETEC) is a major challenge in pig 8 

production, necessitating development of effective alternatives to antibiotic growth promoters. This study aimed 9 

to evaluate the effects of dietary E. faecalis EF-2001 based parabiotics, supplemented either alone (WB) or 10 

alongside BS, β-glucan, and mannan-oligosaccharides (FB) on intestinal health in weaned pigs challenged with 11 

ETEC. A total of 24 crossbred weaning pigs were randomly assigned to six treatment groups with four 12 

replicates per treatment: positive control (PC, basal diet without challenge), negative control (NC, basal diet 13 

with ETEC challenge), WB1 (NC with 0.10% WB alone), FB50 (NC with 0.05% FB), FB75 (NC with 0.075% 14 

FB), and FB100 (NC with 0.10% FB). All pigs in challenged groups received oral ETEC inoculation for three 15 

consecutive days. The combined supplementation at the highest inclusion level (FB100) completely restored 16 

average daily gain and feed efficiency to levels comparable with PC, while markedly reducing diarrhea scores 17 

compared to NC. Apparent total tract digestibility of dry matter, crude protein, and gross energy improved 18 

progressively with increasing combined supplementation levels. The FB100 group maintained white blood cell 19 

counts and pro-inflammatory cytokine levels comparable to PC while increasing serum IgA and IgG 20 

concentrations compared to NC. Intestinal morphology was preserved in combined supplementation groups, 21 

with maintained villus height and reduced crypt depth resulting in improved villus height-to-crypt depth ratios. 22 

Gene expression analysis revealed upregulated claudin-1 in PC and FB100 groups, indicating enhanced 23 

intestinal barrier function. Microbiota analysis showed maintained alpha diversity with increased Blautia 24 

abundance in the FB100 group and reduced Bacteroidota in the FB100 group compared to NC. These findings 25 

demonstrate that dietary supplementation with E. faecalis-based parabiotics combined with B. subtilis, β-glucan, 26 

and mannan-oligosaccharides effectively protects against ETEC-induced intestinal dysfunction through 27 

integrated mechanisms including barrier enhancement, immune modulation, and microbiota optimization, 28 

offering a scientifically validated alternative to antibiotic growth promoters in weaned pig production. 29 

Keywords: parabiotics, probiotics, weaned pigs, ETEC, intestinal health 30 
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Introduction 32 

Weaning is a critical transition period in swine production, marked by exposure to several stressors such as 33 

dietary changes, maternal separation, and environmental adaptations [1]. These stressors often lead to post-34 

weaning diarrhea (PWD), a complex syndrome that hinders intestinal development, triggers inflammatory 35 

responses, and reduces productivity [2, 3]. A primary cause of PWD is enterotoxigenic Escherichia coli 36 

(ETEC), which adheres to intestinal epithelial cells and secretes enterotoxins that disrupt mucosal integrity and 37 

immune balance [4, 5]. 38 

Probiotics have been widely used as interventions to support intestinal health and modulate immune function 39 

in weaned piglets. However, concerns about their consistent efficacy across different environmental conditions, 40 

processing methods, and storage durations have led researchers to explore alternative solutions [6]. Parabiotics, 41 

which consist of inactivated microbial cells or cell components produced through heat treatment or other 42 

inactivation techniques, have emerged as promising alternatives. They retain immunomodulatory and anti-43 

inflammatory properties while providing greater stability compared to live probiotics [7, 8]. 44 

Heat-killed Enterococcus faecalis has shown bioactive effects, including the reduction of pro-inflammatory 45 

cytokines, regulation of immunoglobulins, and protection of the gastrointestinal mucosa, making it a valuable 46 

ingredient for stabilizing the intestinal environment in weaned piglets [9]. Modern strategies for enhancing 47 

intestinal health go beyond single functional components to include synergistic combinations of ingredients with 48 

complementary mechanisms, allowing for more effective modulation of intestinal microbiota and host immune 49 

responses [10]. 50 

Bacillus subtilis (BS) has been noted for its ability to improve intestinal microbial balance and mucosal health 51 

[11], while immunogenic polysaccharides such as β-glucan and mannan-oligosaccharides (MOS) stimulate 52 

innate immunity and prevent pathogen adhesion to the intestinal epithelium [12, 13]. Despite the established 53 

roles of these components in promoting intestinal health and immune function through distinct physiological 54 

pathways, there is limited research comparing the effects of E. faecalis-based parabiotics administered alone 55 

versus in combination with probiotics and immunogenic polysaccharides. 56 

Heat-killed E. faecalis retains structural components such as peptidoglycan, lipoteichoic acid, and surface 57 

proteins that engage host pattern recognition receptors, modulating immune responses without requiring viable 58 

colonization [14, 15]. In contrast, viable B. subtilis exerts probiotic functions through active metabolism, 59 

including secretion of digestive enzymes, production of antimicrobial lipopeptides, generation of short-chain 60 

fatty acid precursors, and competitive exclusion of enteric pathogens [16, 17]. β-glucan and MOS further 61 
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reinforce these effects by stimulating innate immunity and competitively blocking ETEC fimbrial attachment to 62 

enterocytes [12, 13, 18]. The integration of these mechanistically distinct components is therefore expected to 63 

provide additive or synergistic protection against ETEC-induced intestinal dysfunction. 64 

We hypothesized that combined supplementation would produce synergistic effects on gut health and immune 65 

responses, providing superior protection against ETEC infection compared to administering parabiotics alone. 66 

This study aimed to evaluate the effects of dietary E. faecalis EF-2001 (WB) based parabiotics, supplemented 67 

either alone or alongside BS, β-glucan, and MOS, on growth performance, nutrient digestibility, blood profiles, 68 

intestinal morphology, intestinal immunity, and fecal microbiota composition in ETEC-challenged weaned 69 

piglets. 70 

 71 

72 

ACCEPTED



Materials and Methods 73 

Ethics approval and consent to participate 74 

The experimental protocols describing the management and care of animals were reviewed and approved by 75 

the Animal Care and Use Committee of Chungbuk National University (CBNUA-25-0087-01). 76 

 77 

Animals and experimental design 78 

A total of 24 crossbred weaning pigs ([Landrace × Yorkshire] × Duroc) with an initial BW of 11.70 ± 1.08 kg 79 

were individually housed in 45cm × 55cm × 45cm stainless steel metabolism cages. There was one pig in each 80 

cage and four replicate cages per treatment and housed in individual pen for 17 days, including 3 days before 81 

and 14 days after the first ETEC challenge (d 1). All diets were formulated to meet or exceed the NRC [14] 82 

requirements for 11-25 kg pigs (Table 1). The diets were mixed with water in a 1:1 ratio before feeding and 83 

were fed at 08:30 and 17:30 each day. The pigs had ad libitum access to water. The experimental environment 84 

was maintained at relative humidity of 60 ± 2.3%, temperature of 27 ± 1.5 ℃. In the ETEC challenge 85 

treatments, all pigs were orally inoculated by dividing a total of 10 mL of ETEC (F18; 1×1010 CFU/mL) for 86 

three consecutive days from 1 day post-inoculation (DPI) after 3 d of adaptation. Successful establishment of 87 

ETEC infection was assessed based on the following indicator; fecal consistency score, evaluated daily from d 0 88 

to d 7 post-challenge. The WB and Immune FB-110 (FB) used in the current experiment is manufactured by 89 

Winsbio (Yongin, Korea). FB, a combined parabiotic supplement, was formulated to contain WB (1.0 × 1010 90 

cells/g), BS MORI (2.0 × 108 CFU/g), β-glucan (5%), and MOS (3%). The dietary treatments evaluated in this 91 

study included: 1) PC (basal diet), 2) NC (basal diet + ETEC challenge), 3) WB1 (NC + 0.10% WB containing 92 

1.0 × 1010 cells/g) 4) FB50 (NC + 0.05% FB), 5) FB75 (NC + 0.075% FB), and 6) FB100 (NC + 0.1% FB).  93 

Growth performance 94 

Body weight was recorded at initiation, day 7, and day 14 of the experiment. Daily feed intake was calculated 95 

by subtracting residual feed from the amount offered. Average daily gain (ADG) was calculated by dividing 96 

body weight gain by the number of days in each period. Feed conversion ratio (FCR) was calculated by dividing 97 

average daily feed intake (ADFI) by ADG. 98 

Diarrhea scores 99 
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The diarrhea scores were individually recorded at 08:00 and 17:00 h by the same person during the entire 100 

experimental period. The diarrhea score was scored using a method used by Zhao et al. [15]. The diarrhea scores 101 

were assigned as follows: 0, normal feces; 1, soft feces; 2, mild diarrhea; and 3, severe diarrhea. 102 

Nutrient digestibility 103 

To estimate digestibility, 0.2% chromium oxide (Cr2O3) was supplemented with diets as an indigestible 104 

marker. Pigs were fed diets mixed with chromium oxide for 4 consecutive days from days post-inoculation 105 

(DPI) 4 and 11, and fresh excreta samples were collected in that period. At the end of the experiment, fecal 106 

samples were stored at −20℃ and dried at 70℃ for 72 h and then ground to pass through a 1 mm screen. All 107 

analysis items (feed and fecal) were analyzed for DM and CP. The procedures utilized for the determination of 108 

dry matter (DM) and crude protein (CP) digestibility were conducted with the AOAC methods [16]. Chromium 109 

was analyzed with an ultraviolet absorption spectrophotometer (UV-1201, Shimadzu, Kyoto, Japan). The 110 

digestibility was calculated using the following formula: digestibility (%) = [1–(Nf × Cd)/(Nd × Cf)] × 100, 111 

where Nf is the nutrient concentration in feces (% DM), Nd is the nutrient concentration in diet (% DM), Cd is 112 

the chromium concentration in diet (% DM), and Cf is the chromium concentration in feces (% DM). 113 

All chemical analyses of diet and fecal samples were conducted duplicate, and the mean value was used for 114 

digestibility calculation. Analyses were repeated when the coefficient variation between duplicate measurements 115 

exceeded 5%. 116 

Blood profile 117 

Blood samples were obtained from the jugular vein of 4 pigs, each treatment at DPI 1 and DPI 14. At the time 118 

of collection, blood samples were collected into vacuum tubes containing K3EDTA for CBC analysis and non-119 

heparinized tubes for serum analysis, respectively. After collecting, blood samples were centrifuged (3,000 × g 120 

for 15 min at 4◦C). The white blood cells (WBC), basophils, neutrophils, and lymphocyte levels in the whole 121 

blood were measured using an automatic blood analyzer (ADVIA 120, Bayer, NY, USA) 122 

Morphological analysis of small intestine 123 

At the end of the experiment (DPI 14), pigs were anesthetized with carbon dioxide gas after blood sampling and 124 

euthanized by exsanguination. Intestinal tissues of approximately 10 cm from the ileum (close to the ileocecal 125 

junction) were collected and fixed in 10% neutral buffered formalin (NBF; Sigma–Aldrich, St. Louis, MO, 126 

United States). After cutting the intestine sample, it was dehydrated and dealcoholized. The samples were, then, 127 

installed on slides, treated with paraffin, and stained with hematoxylin and eosin. Villus height (VH) and crypt 128 
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depth (CD) were measured under the light microscope (OLYMPUS DP71, BX50F-3, Olympus Optical Co. Ltd., 129 

Tokyo, Japan). VH was determined by measuring the distance between the tip of the villi to the villus crypt 130 

junction, and CD was determined by measuring the distance between adjacent villi.  131 

Measurements of pro-inflammatory cytokine and immunoglobulin 132 

The inflammatory biomarkers such as interleukin-6 (IL-6) and tumor necrosis factor α (TNF-α) were measured 133 

using commercially available ELISA kits, according to the manufacturer’s instructions (R&D Systems, 134 

Minneapolis, MN). Immunoglobulin G (IgG) and immunoglobulin A (IgA) levels were gauged using an 135 

automatic biochemistry blood analyzer (Hitachi 747; Hitachi, Tokyo, Japan). 136 

Expression of tight junction proteins 137 

The Total RNA extraction kit (iNtRON Biotechnology, Seongnam, Korea) was used to extract the RNA from 138 

the intestinal mucosa. The mRNA was converted to cDNA using High-Capacity cDNA Reverse Transcription 139 

Kit (Applied Biosystems, Waltham, MA, USA). For cDNA synthesis, the mixed solution was heat treated at 140 

25°C for 10 min, at 37°C for 2 h, and at 85°C for 5 min. Gene amplification was performed using Fast qPCR 141 

2×SYBR Green Master Mix (Applied Biosystems). RT-qPCR was performed in two steps. The first step was an 142 

enzyme activation step, which was performed at 95°C for 2 min for 1 cycle. The second step was a denaturation 143 

step at 95°C for 15 seconds and an annealing/extend step at 56°C for 1 min, repeating a total of 40 cycles to 144 

perform gene amplification. The target genes were zonula occludens-1 (ZO1), claudin-1 (CLDN1), mucin 1 145 

(MUC1) and Glyceraldehyde-3-phosphate dehydrogenase (GAPDH). Primers used in the amplification are 146 

shown in Table 6. Normalization was performed using the reference gene GAPDH. Relative gene expression 147 

was analyzed using the 2−ΔΔCt method [17]. 148 

16S metagenomic data analysis 149 

Bacterial 16S rRNA amplicon sequencing data were analyzed using QIIME2 next-generation microbiome 150 

bioinformatics pipeline for microbial community analysis. The samples were sent to Sanigen (Anyang, South 151 

Korea) for microbial sequencing using the 16s rRNA technique. All raw input data were transformed in the form 152 

of QIIME2 artifacts, which contain information about the data types and sources for the downstream processing. 153 

From raw sequence data, the amplicon sequence variants (ASVs) were obtained using the Divisive Amplicon 154 
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Denoising Algorithm 2 (DADA2) within QIIME 2 plugin, which detected and corrected amplicon errors and 155 

filtered out the potential base error and chimeric sequences [18, 19]. Per-sample sequencing depth and ASV 156 

counts after quality filtering. To control differences in sequencing depth across samples, the ASV table was 157 

rarefied to a uniform depth corresponding to the minimum sample read count after quality filtering, prior to 158 

alpha and beta diversity analyses. Rarefaction curves were generated to confirm that this sampling depth 159 

captured the majority of microbial diversity in each sample. The relative classification frequency table 160 

represented differential abundance tests at specific taxonomic levels was created using collapse and feature-table 161 

within the QIIME2 plugins. The “diversity” QIIME2 plugin was used to estimate alpha diversity measurements 162 

and plots using the R bioinformatics packages. This microbial diversity analysis pipeline was designed to use 163 

the ASV table (a higher resolution analog than the traditional OTU table) of the ASV picking step as necessary 164 

input data. Analyzing the differences in species richness and evenness scores considering the sampling depth 165 

was measured using the observed OTUs and Chao1, Shannon, and Simpson indices. Each index estimates the 166 

V3-V4 hypervariable region of the bacterial 16S rRNA gene. In addition, a difference in the relative abundance 167 

was analyzed by comparing the average bacterial proportion and composition investigated in each taxonomic 168 

ranking. Additionally, according to the different amplicon regions, the bacterial classification accuracy was 169 

cross-checked by comparing the taxonomy matching rate of each ASV taxonomy and NCBI bacterial reference 170 

genome database at the phylum and genus levels. P-values for differential abundance testing were corrected for 171 

multiple comparisons using the Benjamini–Hochberg false discovery rate (FDR) procedure, and adjusted P-172 

values (q < 0.05) were considered significant. 173 

Statistical analysis 174 

JMP Pro 16 (SAS Institute Inc., Cary, NC, United States) and GraphPad Prism (Version 9.1.0; GraphPad 175 

Software, San Diego, CA) were used for statistical analyses and graph visualization, respectively. All data, 176 

except diarrhea frequency, were analyzed by one-way ANOVA using the Standard Least Squares model of JMP, 177 

with treatment as the fixed effect. For variables measured at multiple time points (e.g., body weight, ADG, 178 

ADFI, G:F, fecal score), each time point or growth phase was analyzed independently as a separate outcome. 179 

Diarrhea frequency was compared among treatments using the chi-square test (FREQ procedure of JMP); 180 

Fisher's exact test was applied when expected cell counts were less than 5. For microbiota analysis, each 181 

treatment group served as the control group for quantitative beta diversity and PROC MIXED with Dunnett’s 182 
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post-hoc test was used to compare the treatment groups. Statistical significance was defined as a probability 183 

level of P < 0.05. 184 

185 
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Results 186 

Growth performance 187 

The effects of dietary WB based parabiotics, supplemented either alone or alongside BS, β-glucan, and MOS 188 

on growth performance are presented in Table 2. No significant differences were observed in BW among 189 

treatment groups throughout the experimental period (p > 0.05). ADG during DPI 1 to 7 was higher (p < 0.05) 190 

in PC than in NC. During DPI 8 to 14, ADG was lower (p < 0.05) in NC, WB1, FB50, and FB75 than in PC. For 191 

the overall period (DPI 1 to 14), ADG was lower in NC, WB1, FB50, and FB75 than in PC (p < 0.05), and 192 

FB100 did not differ from PC. ADFI did not differ among treatment groups during any period (p > 0.05). FCR 193 

during d 1 to 7 was higher (p < 0.05) in NC than PC, and FB100. For the overall period (DPI 1 to 14), FCR was 194 

higher (p < 0.05) in NC than PC, and FB100. 195 

Fecal score 196 

The effects of dietary WB based parabiotics, supplemented either alone or alongside BS, β-glucan, and MOS 197 

on fecal score are presented in Figure 1. The distribution of fecal scores differed significantly among treatment 198 

groups (χ2 = 89.622, p < 0.001). The proportion of severe diarrhea (score 3) was higher in NC than PC, FB75, 199 

and FB100, and the proportion of normal feces (score 0) was lower in NC than in PC and FB100. Among the 200 

FB-supplemented groups, the proportion of severe diarrhea progressively decreased from FB50 to FB100, with 201 

FB100 showing the lowest incidence and a distribution comparable to PC. 202 

Nutrient digestibility 203 

The effects of dietary WB based parabiotics, supplemented either alone or alongside BS, β-glucan, and MOS 204 

on ATTD of nutrients are presented in Table 3. On DPI 7, DM digestibility was lower (p < 0.05) in NC and 205 

WB1 than PC, and FB100. GE digestibility was lower (p < 0.05) in NC, WB1, and FB50 than PC, and FB100, 206 

whereas CP digestibility did not differ among treatment groups (p > 0.05). On DPI 14, DM digestibility was 207 

lower (p < 0.05) in NC than PC, FB75, and FB100. CP digestibility was lower (p < 0.05) in NC than PC, and 208 

FB100. GE digestibility was lower (p < 0.05) in NC than PC, FB50, FB75, and FB100. 209 

210 
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Blood profile 211 

The effects of dietary WB based parabiotics, supplemented either alone or alongside BS, β-glucan, and MOS 212 

on blood profile are presented in Table 4. On DPI 1, no significant differences were observed among treatment 213 

groups for red blood cells (RBC), WBC, IgA, IgG, and IL-6 (p > 0.05). On DPI 14, RBC concentration was 214 

lower (p < 0.05) in NC than in all other groups. WBC concentration was higher (p < 0.05) in NC, and WB1 than 215 

PC, and was lower (p < 0.05) in FB50, FB75, and FB100 than NC. Serum IgA concentration was higher (p < 216 

0.05) in PC, FB75, and FB100 than NC, WB1, and FB50. Serum IgG concentration was lower (p < 0.05) in NC, 217 

and WB1 than PC. IL-6 concentration was higher  (p < 0.05) in NC, and WB1 than PC, and was lower  (p < 218 

0.05) in FB50, FB75, and FB100 than NC. 219 

Intestinal morphology 220 

The effects of dietary WB based parabiotics, supplemented either alone or alongside BS, β-glucan, and MOS 221 

on intestinal morphology are presented in Table 5. VH and villus width did not differ among treatment groups (p 222 

> 0.05). CD was greater (p < 0.05) in NC than PC, FB50, FB75, and FB100, and was greater (p < 0.05) in WB1 223 

than PC, FB75, and FB100. The VH to CD ratio was lower (p < 0.05) in NC and WB1 than PC, FB75, and 224 

FB100. 225 

Tight junction gene expression 226 

The effects of dietary WB based parabiotics, supplemented either alone or alongside BS, β-glucan, and MOS 227 

on tight junction gene expression are presented in Table 7. Relative mRNA expression of CLDN1 was lower (p 228 

< 0.05) in NC, WB1, FB50, and FB75 than PC. No significant differences were observed among treatment 229 

groups for ZO-1 and MUC 1 expression (p > 0.05). 230 

Fecal microbiota 231 

The effects of dietary WB based parabiotics, supplemented either alone or alongside BS, β-glucan, and MOS 232 

on fecal microbiota are presented in Table 8 and Figures 2–4. Alpha diversity indices (Chao1, Shannon, and 233 

Simpson) did not differ among treatment groups on either DPI 1 or DPI 14 (p > 0.05; Table 8). Beta diversity 234 

analysis on DPI 1 showed no clear separation among treatment groups (Figure 2), whereas on DPI 14, FB100 235 

was separated from NC and FB50 along the principal coordinate axes (p < 0.05; Figure 3). At the phylum level 236 
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on DPI 14, the relative abundance of Bacteroidota was lower (p < 0.05) in FB100 than NC, WB1, and FB50 and 237 

Actinobacteriota was higher  (p < 0.05) in FB100 than NC (Figure 4). At the genus level on DPI 14, the relative 238 

abundance of Blautia was higher (p < 0.05) in FB100 than PC, NC, FB50 (Figure 4). 239 

240 
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Discussion 241 

ETEC-induced PWD poses a significant challenge in pig production, resulting in economic losses and 242 

increased antibiotic usage [20]. This study demonstrated that dietary supplementation with WB combined with 243 

BS, β-glucan, and MOS effectively protects weaned pigs from ETEC-induced intestinal dysfunction. The 244 

restoration of growth performance in pigs challenged by ETEC may be partly consistent with the 245 

complementary mechanisms of paraprobiotics and probiotics. Heat-inactivated probiotics have been reported to 246 

maintain their immunomodulatory functions through intact peptidoglycan and lipoteichoic acid, which can 247 

activate pattern recognition receptors independently of bacterial viability [21, 22]. Meanwhile, BS contributes 248 

active metabolic functions, including the production of antimicrobial compounds, secretion of digestive 249 

enzymes, and competitive exclusion of enteric pathogens [23]. In this study, the highest inclusion level 250 

completely restored ADG and G:F to levels comparable to the PC, while lower doses showed gradual 251 

improvements. The combination of immunomodulation and metabolic functionality likely explains the enhanced 252 

protection observed compared to previously reported single-component strategies [10]. These results align with 253 

previous research indicating that BS supplementation improved FCR in ETEC challenged weaned pigs [24, 25]. 254 

The BS MORI strain, which produces 1-deoxynojirimycin (DNJ), an iminosugar that potently inhibits α-255 

glucosidases [26]. Beyond the probiotic actions of BS, DNJ inhibits the endoplasmic reticulum glucosidases I 256 

and II that trim N-linked glycans during glycoprotein folding, thereby blocking maturation of viral envelope 257 

glycoproteins such as hemagglutinin and neuraminidase and lowering virion infectivity [27]. This antiviral 258 

capacity, together with antimicrobial and anti-inflammatory activity, distinguishes the MORI strain from generic 259 

BS isolates and adds a complementary mode of action to the FB formulation.  260 

ETEC-induced diarrhea primarily results from enterotoxin-mediated disruption of electrolyte transport and 261 

fluid homeostasis in intestinal epithelial cells [28]. MOS function as decoy receptors for bacterial fimbriae, 262 

competitively inhibiting ETEC attachment to intestinal epithelial cells and preventing subsequent toxin delivery 263 

[29]. Simultaneously, β-glucan enhances intestinal barrier integrity by stimulating epithelial cell proliferation 264 

and upregulating TJ expression, which reduces paracellular permeability and mitigates fluid loss [30, 31]. The 265 

antimicrobial lipopeptides produced by BS exhibit direct bactericidal activity against gram-negative pathogens, 266 

further reducing ETEC colonization [32]. DNJ from the MORI strain also inhibits α-glucosidase, which may 267 

reduce the carbohydrate substrates available to enteric pathogens and complement the anti-adhesive action of 268 

MOS and the bactericidal lipopeptides of BS [26]. In this study, diarrhea scores were significantly lower in 269 
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supplemented groups compared to the NC, with the highest inclusion level providing the most effective clinical 270 

protection. These findings are consistent with previous reports showing that combined probiotic and prebiotic 271 

supplementation decreased the incidence and severity of diarrhea in ETEC-challenged pigs [33, 34]. 272 

Enteric pathogens hinder nutrient absorption by causing villus atrophy, degrading brush border enzymes, 273 

inducing inflammatory cytokine-mediated metabolic changes, and disrupting nutrient transporter expression [33, 274 

35]. The preservation of intestinal morphology, marked by maintained VH and reduced CD in supplemented 275 

groups, correlates directly with increased absorptive surface area and a greater population of functional 276 

enterocytes [36]. In addition to structural maintenance, probiotic supplementation has been shown to upregulate 277 

the expression of nutrient transporter genes, thereby enhancing active nutrient absorption independently of 278 

morphological changes [37]. In this study, supplementation improved the digestibility of DM, CP, and GE with 279 

the highest inclusion level nearing complete restoration compared to the PC. These findings align with previous 280 

studies indicating that combinations of probiotics and prebiotics enhance nutrient digestibility in weaned pigs 281 

under pathogen challenge conditions [23]. 282 

ETEC infection typically triggers acute inflammatory responses, characterized by elevated levels of pro-283 

inflammatory cytokines and leukocyte infiltration. While these responses are crucial for initial pathogen control, 284 

dysregulation can lead to increased intestinal damage and impaired barrier function [20, 33]. Heat-killed E. 285 

faecalis has been shown to steer immune responses toward regulatory phenotypes, increasing the production of 286 

anti-inflammatory IL-10 while modulating the secretion of pro-inflammatory mediators such as IL-6 and TNF-α 287 

[21, 38]. This immunoregulatory ability prevents hyperinflammatory responses that could otherwise 288 

compromise intestinal integrity and nutrient absorption. In our study, supplemented groups maintained WBC 289 

counts and pro-inflammatory cytokine levels comparable to the PC, suggesting effective prevention of excessive 290 

systemic inflammation. DNJ has been reported to suppress NF-κB-driven transcription of pro-inflammatory 291 

cytokines, consistent with the lower IL-6 and TNF-α concentrations in supplemented groups and likely 292 

reinforcing the immunoregulatory effect of the parabiotic component [39]. The enhancement of adaptive 293 

immunity, especially mucosal IgA responses, offers sustained protection by neutralizing pathogens before they 294 

invade the epithelium [40]. IgA serves as the primary antibody in intestinal secretions, agglutinating bacteria 295 

and preventing their adhesion to enterocyte surfaces through a non-inflammatory defense mechanism that 296 

preserves tissue integrity [41]. The increased serum concentrations of IgA and IgG observed in supplemented 297 

groups indicate strong humoral immune activation. These results are consistent with prior research showing that 298 
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parabiotic supplementation balanced inflammatory responses and enhanced mucosal immunity in animals 299 

challenged by pathogens [42]. 300 

The VH and CD represent characteristic histopathological changes following enteric infection, resulting from 301 

enterocyte death and compensatory proliferation of intestinal stem cells attempting to regenerate damaged 302 

epithelium [33, 34]. Short-chain fatty acids produced through BS fermentation of resistant starch and dietary 303 

fiber, serve as the primary energy source for colonocytes while simultaneously stimulating epithelial cell 304 

proliferation and differentiation [43, 44]. Beyond metabolic support, butyrate exhibits anti-inflammatory 305 

properties through inhibition of NF-κB signaling and histone deacetylase activity, reducing inflammatory 306 

damage to intestinal mucosa [45, 46]. The immunomodulatory polysaccharide β-glucan further contributes to 307 

morphological preservation by enhancing intestinal stem cell activity and accelerating epithelial turnover, 308 

facilitating rapid replacement of damaged enterocytes [30]. In the present study, CD was reduced in 309 

supplemented groups compared to the NC, resulting in improved VH:CD ratios. The maintained ratio indicates 310 

balanced cellular proliferation and differentiation, suggesting that supplementation supports physiological tissue 311 

homeostasis rather than pathological compensatory hyperplasia. These morphological improvements are 312 

consistent with previous reports showing that combined probiotic and prebiotic supplementation preserved 313 

intestinal structure and function in weaned pigs challenged with enteric pathogens [24]. 314 

TJs constitute the primary structural components of intestinal barrier function, regulating paracellular 315 

permeability and preventing bacterial translocation into systemic circulation [47, 48]. CLDN1, a critical 316 

transmembrane protein within TJ complexes, determines ion selectivity and establishes the fundamental 317 

tightness of the barrier [49]. ETEC infection disrupts TJ integrity through multiple pathways including direct 318 

toxin effects on cytoskeletal organization, inflammatory cytokine-induced activation of myosin light chain 319 

kinase leading to junction disassembly, and oxidative stress-mediated protein degradation [50, 51]. The 320 

mechanisms by which probiotic and parabiotic interventions preserve TJ function involve activation of 321 

protective signaling pathways including protein kinase C and AMP-activated protein kinase, which stabilize 322 

tight junction assembly and reduce protein turnover [50, 52]. In the present study, CLDN1 gene expression was 323 

significantly upregulated in supplemented groups compared to the NC, providing molecular evidence for 324 

enhanced barrier function. The maintained barrier integrity likely contributed to reduced bacterial translocation 325 

and systemic endotoxemia, as reflected by normalized blood inflammatory markers. This result is consistent 326 
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with previous studies demonstrating that probiotic supplementation increased TJ expression and improved 327 

barrier function in ETEC challenged pigs and intestinal epithelial cell models [37, 50].  328 

Short-chain fatty acids generated from the butyrate synthesis of resistant starch and dietary fiber serve as the 329 

main energy source for colonocytes, while also promoting epithelial cell proliferation and differentiation [43, 330 

44]. In addition to providing metabolic support, butyrate possesses anti-inflammatory properties by inhibiting 331 

NF-κB signaling and histone deacetylase activity, which helps to mitigate inflammatory damage to the intestinal 332 

mucosa [45, 46]. The immunomodulatory polysaccharide β-glucan further aids in maintaining morphology by 333 

enhancing intestinal stem cell activity and accelerating epithelial turnover, facilitating the swift replacement of 334 

damaged enterocytes [30]. In this study, CD was lower in the supplemented groups compared to the negative 335 

control (NC), leading to improved VH:CD ratios. This maintained ratio suggests a balanced approach to cellular 336 

proliferation and differentiation, indicating that supplementation fosters physiological tissue homeostasis rather 337 

than pathological compensatory hyperplasia. These morphological enhancements align with previous findings 338 

that combined probiotic and prebiotic supplementation preserved intestinal structure and function in weaned 339 

pigs challenged with enteric pathogens [24]. 340 

TJs are crucial structural components of the intestinal barrier, regulating paracellular permeability and 341 

preventing bacterial translocation into systemic circulation [47, 48]. CLDN1, an essential transmembrane 342 

protein within TJ complexes, determines ion selectivity and establishes the barrier's fundamental tightness [49]. 343 

ETEC infection disrupts TJ integrity through various mechanisms, including direct toxin effects on cytoskeletal 344 

organization, inflammatory cytokine-induced activation of myosin light chain kinase leading to junction 345 

disassembly, and oxidative stress-mediated protein degradation [50, 51]. Probiotic and parabiotic interventions 346 

preserve TJ function by activating protective signaling pathways, such as protein kinase C and AMP-activated 347 

protein kinase, which stabilize tight junction assembly and reduce protein turnover [50, 52]. In this study, 348 

CLDN1 gene expression was significantly upregulated in the supplemented groups compared to the NC, 349 

providing molecular evidence for enhanced barrier function. The preserved integrity of the barrier likely 350 

contributed to reduced bacterial translocation and systemic endotoxemia, as indicated by normalized blood 351 

inflammatory markers. These findings are consistent with previous research showing that probiotic 352 

supplementation increased TJ expression and improved barrier function in ETEC-challenged pigs and intestinal 353 

epithelial cell models [37, 50]. The preservation of alpha diversity indices across treatment groups suggests that 354 

supplementation modulated, rather than disrupted, the microbial community structure. This is functionally 355 
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significant because excessive disturbances in commensal communities can impair colonization resistance and 356 

metabolic functions crucial for host health [53]. An ideal intervention strategy focuses on selectively enhancing 357 

beneficial taxa while suppressing potential pathogens. The genus Blautia includes important butyrate-producing 358 

bacteria that convert dietary fiber and resistant starch into short-chain fatty acids. These fatty acids play multiple 359 

roles, such as providing energy to colonocytes, signaling anti-inflammatory responses, and enhancing intestinal 360 

barrier function [46, 54]. The observed increase in Blautia abundance in supplemented groups suggests an 361 

enhanced capacity for beneficial metabolite production. By inhibiting α-glucosidase, DNJ reduces small-362 

intestinal hydrolysis of dietary α-glucans and shifts fermentable carbohydrate to the hindgut, where it can 363 

support SCFA-producing genera; this is consistent with the higher Blautia abundance in the supplemented 364 

groups [55]. Conversely, the decline in certain Bacteroidota members may reflect a reduction in inflammation-365 

associated taxa, as specific Bacteroidota species tend to proliferate during intestinal inflammation and can 366 

contribute to barrier dysfunction in pathological conditions [56]. Beta diversity analysis revealed treatment-367 

specific clustering patterns, indicating that supplementation led to reproducible and consistent shifts in 368 

microbiota, rather than random or variable effects. These compositional changes likely contributed to functional 369 

outcomes such as increased short-chain fatty acid production, enhanced metabolic capacity, and stronger 370 

colonization resistance against enteric pathogens. The selective nature of these changes, which preserved overall 371 

diversity while modulating specific taxa, aligns with previous research showing that probiotic and prebiotic 372 

supplementation can strategically shape gut microbiota composition in weaned pigs [24, 57]. Importantly, fecal 373 

and intestinal SCFA concentrations, as well as inflammation-related metabolites, were not directly quantified in 374 

this study. The associations drawn here between the increase in Blautia, the decrease in Bacteroidota, and 375 

downstream SCFA production or inflammatory status are therefore based on the established metabolic functions 376 

of these taxa in the literature rather than on direct biochemical measurements in our cohort. These mechanistic 377 

interpretations should be regarded as hypothesis-generating and require confirmation through targeted 378 

metabolomic and functional analyses in future studies. 379 

380 
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CONCLUSION 557 

This study demonstrates that dietary supplementation with WB-based parabiotics in combination with BS, β-558 

glucan, and MOS effectively mitigates the adverse effects of ETEC challenge in weaned piglets. The combined 559 

formulation at 0.10% inclusion level (FB100) provided superior benefits compared to single parabiotic 560 

supplementation, achieving growth performance, nutrient digestibility, and intestinal health parameters 561 

comparable to unchallenged control animals. Protective effects were mediated through multiple synergistic 562 

mechanisms including immune modulation (reduced IL-6, increased IgA and IgG), enhanced intestinal barrier 563 

function (improved villus morphology and CLDN1 expression), reduced inflammatory responses (decreased 564 

WBC counts), and beneficial microbiota modulation (reduced Bacteroidota, increased Blautia). 565 

The dose-dependent improvements observed across treatment groups (FB50 < FB75 < FB100) indicate that 566 

the combination of heat-killed E. faecalis with viable probiotics and immunogenic polysaccharides provides 567 

additive or synergistic benefits through complementary mechanisms of action. These findings support the 568 

hypothesis that multi-component functional additives targeting different aspects of intestinal health can more 569 

effectively address the complex challenges of the post-weaning period compared to single-component 570 

interventions. 571 

Based on these results, dietary supplementation with E. faecalis-based combined parabiotics (FB) at 0.10% 572 

inclusion level is recommended as an effective strategy to enhance intestinal health, immune function, and 573 

growth performance in ETEC challenged weaned piglets. This approach offers a promising alternative to 574 

antibiotic growth promoters while providing practical advantages in terms of stability and consistency of 575 

efficacy. 576 
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Tables and Figures 586 

Table 1. Composition of basal diets (as-fed-basis) 
Items Content 
Ingredients, %  

EP Corn 46.25 
Soybean meal 10.00 
Rice 4.00 
Soy protein concentrate 2.50 
Fermented soybean meal 4.00 
Meal protein fat (Whey, Oil, etc) 17.50 
Fish meal 1.50 
Plasma protein 4.00 
Soybean oil 2.40 
Lactose 4.00 
Ca-formate 1.30 
Copra meal 1.50 
Vit-premix1 0.20 
Min-premix2 0.25 
Methionine 0.10 
L-Lysine 0.40 
Threonine 0.10 
Total 100.00 

Calculated value  
NE, kcal/kg 2,600.00 
CP, % 19.20 
Lysine, % 1.40 
Methionine, % 0.40 
Ca, % 0.50 
P, % 0.45 

1Provided per kg of complete diet: vitamin A, 9,000 IU; vitamin D3, 1,620 IU; vitamin E, 35 IU; vitamin B12, 40 
μg; vitamin B2, 6 mg; vitamin B6, 3 mg; vitamin K3, 2 mg; vitamin C, 100 mg; niacin, 50 mg; ca-pantothenate, 
20 mg; biotin, 0.2 mg. 
2Provided per kg of complete diet without zinc: Mn, 35 mg; Zn, 30 mg; Fe, 150 mg; Cu, 50 mg; I, 0.5 mg; Co, 
0.15 mg; and Se, 0.2 mg 
Abbreviation: EP corn, extruded-pelleted corn; NE, net energy; CP, crude protein 
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 589 

Table 2. Effects of dietary Enterococcus faecalis–based parabiotic supplementation, alone or in combination, on 
growth performance in ETEC challenge weaned pigs 
Item PC NC WB1 FB50 FB75 FB100 SEM p-value 

BW, kg         

Initial 11.86 11.60 11.61 11.77 11.60 11.68 0.591 1.000 

d 7 14.29 13.64 13.71 13.89 13.77 13.97 0.638 0.987 
d 14 16.89 15.96 16.11 16.23 16.13 16.46 0.645 0.948 

ADG, kg         

d 1 to 7 346.67a 290.36b 300.00ab 302.75ab 310.00ab 327.50ab 10.284 0.024 

d 8 to 14 370.95a 332.50b 330.36b 334.29b 336.43b 355.00ab 5.982 0.002 
d 1 to 14 358.81a 311.43c 315.18bc 318.52bc 323.21bc 341.25ab 6.324 0.001 

ADFI, kg         

d 1 to 7 525.48 513.93 516.75 512.68 516.07 515.89 15.462 0.996 

d 8 to 14 600.00 600.00 592.50 595.00 580.00 583.93 15.619 0.923 
d 1 to 14 562.74 556.96 554.63 553.84 548.04 549.91 15.239 0.990 

FCR         

d 1 to 7 1.52c 1.77a 1.733ab 1.70ab 1.67abc 1.57bc 0.037 0.003 

d 8 to 14 1.62 1.81 1.73 1.78 1.72 1.65 0.052 0.097 
d 1 to 14 1.57b 1.79a 1.73ab 1.74ab 1.70ab 1.61b 0.038 0.012 

PC, basal diet; NC, basal diet + ETEC challenge; WB1, NC + 0.10% Enterococcus faecalis EF 2001 1.0 × 1010 
cells/g; FB50, NC + 0.05% immune FB-110; FB75, NC + 0.075% immune FB-110; FB100, NC + 0.10% 
immune FB-110; BW, body weight; ADG, average daily gain; ADFI, average daily feed intake; FCR, feed 
conversion ratio; SEM, standard error of mean. 
a-c Means within a row with different letters are significantly different at p < 0.05. 
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 594 

Table 3. Effects of dietary Enterococcus faecalis–based parabiotic supplementation, alone or in combination, on 
nutrient digestibility in ETEC challenge weaned pigs 
Items PC NC WB1 FB50 FB75 FB100 SEM p-value 

d 7         

DM 89.01a 86.31c 87.13bc 87.79ab 88.08ab 88.89a 0.288 < 0.001 

CP 73.36 71.69 71.66 72.05 72.23 73.10 0.747 0.355 
GE 76.68a 74.52b 74.52b 74.67b 75.38ab 76.70a 0.605 0.042 

d 14         

DM 90.68a 87.85d 88.63cd 89.14bc 89.51abc 89.89ab 0.258 < 0.001 

CP 75.81a 73.07b 74.84ab 74.54ab 75.08ab 75.69a 0.560 0.041 
GE 78.41a 75.47b 77.36ab 78.15a 77.78a 78.37a 0.439 0.002 

PC, basal diet; NC, basal diet + ETEC challenge; WB1, NC + 0.10% Enterococcus faecalis EF 2001 1.0 × 1010 
cells/g; FB50, NC + 0.05% immune FB-110; FB75, NC + 0.075% immune FB-110; FB100, NC + 0.10% 
immune FB-110; DM, dry matter; CP, crude protein; GE, gross energy; SE, standard error of mean. 
a-c Means within a row with different letters are significantly different at p < 0.05. 
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Table 4. Effects of dietary Enterococcus faecalis–based parabiotic supplementation, alone or in combination, on 
blood profiles in ETEC challenge weaned pigs 

Items PC NC WB1 FB50 FB75 FB100 SEM p-value 

d 1         

RBC (106/µL) 6.44 6.42 6.42 6.45 6.48 6.32 0.062 0.629 

WBC (103/µL) 13.42 13.49 13.48 13.24 13.74 13.95 0.257 0.478 

IgA (mg/mL) 0.41 0.44 0.42 0.42 0.42 0.44 0.018 0.870 
IgG (mg/mL) 1.47 1.56 1.57 1.67 1.66 1.58 0.061 0.330 

IL-6 (pg/mL) 39.32 35.71 35.46 38.15 33.36 38.60 3.206 0.788 
d 14         

RBC (106/µL) 6.68a 5.58d 5.92c 6.06bc 6.17bc 6.31b 0.073 <0.001 

WBC (103/µL) 11.67d 21.39a 21.43a 18.13b 15.03c 14.09c 0.549 <0.001 

IgA (mg/mL) 0.50a 0.28b 0.33b 0.31b 0.51a 0.45a 0.023 <0.001 
IgG (mg/mL) 1.97a 1.59c 1.62c 1.69bc 1.87ab 1.90ab 0.051 0.002 

IL-6 (pg/mL) 33.12d 90.49a 85.91a 72.81b 54.85c 44.01cd 2.666 <0.001 
PC, basal diet; NC, basal diet + ETEC challenge; WB1, NC + 0.10% Enterococcus faecalis EF 2001 1.0 × 1010 
cells/g; FB50, NC + 0.05% immune FB-110; FB75, NC + 0.075% immune FB-110; FB100, NC + 0.10% 
immune FB-110; RBC, red blood cell; WBC, white blood cell; IgA, immunoglobulin A; IgG, immunoglobulin 
G; IL-6, interleukin-6; SEM, standard error of mean. 
a-d Means within a row with different letters are significantly different at p < 0.05. 
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Table 5. Effects of dietary Enterococcus faecalis–based parabiotic supplementation, alone or in combination, on 
intestinal morphology in ETEC challenge weaned pigs 
Items PC NC WB1 FB50 FB75 FB100 SEM p-value 

Villus height, µm 385.33 329.78 343.10 359.20 373.47 379.70 14.221 0.100 
Crypt depth, µm 193.14c 294.23a 253.94b 223.74bc 206.03c 202.58c 8.113 <0.001 

Villus width, µm 116.00 132.55 122.35 124.59 121.35 124.19 4.532 0.319 
VH: CD ratio 2.01a 1.12c 1.35bc 1.62ab 1.82a 1.88a 0.096 <0.001 
PC, basal diet; NC, basal diet + ETEC challenge; WB1, NC + 0.10% Enterococcus faecalis EF 2001 1.0 × 1010 
cells/g; FB50, NC + 0.05% immune FB-110; FB75, NC + 0.075% immune FB-110; FB100, NC + 0.10% 
immune FB-110; VH:CD ratio, villus height to crypt depth ratio; SEM, standard error of mean. 
a-c Means within a row with different letters are significantly different at p < 0.05. 
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Table 6. Primer sequences used for the RT-qPCR analysis with the Mucin1, ZO-1, CLDN1, and GAPDH genes  
Gene Primers Sequence (5’-3’) 

Glyceraldehyde-3-phosphate 
dehydrogenase 2 (GAPDH) 

Forward TCGGAGTGAACGGATTTGGC 

Reverse TGACAAGCTTCCCGTTCTCC 

Mucin 1 

Forward CCACAACCTGAAGACACAGT 

Reverse GACCAGAATACAGACCAGCA 

ZO-1 

Forward CTCTGTCCATGCAGATAAGC 

Reverse AATAGCTCCCTGTGGGATAA 

CLDN1 

Forward GCTGGGACTAATAGCCATCT 

Reverse AAGAGAGCCTGACCAAATTC 
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Table 7. Effects of dietary Enterococcus faecalis–based parabiotic supplementation, alone or in combination, on 
tight junction in ETEC challenge weaned pigs 
Items PC NC WB1 FB50 FB75 FB100 SEM p-value 

Claudin-1 1.00a 0.42c 0.49bc 0.50bc 0.53bc 0.90ab 0.094 0.002 
ZO-1 1.00 0.85 0.84 0.87 0.89 0.97 0.181 0.987 

Mucin 1 1.00 0.85 0.81 0.96 1.09 1.12 0.298 0.966 
PC, basal diet; NC, basal diet + E. coli challenge; WB1, NC + 0.10% Enterococcus faecalis EF 2001 1.0 × 1010 
cells/g; FB50, NC + 0.05% immune FB-110; FB75, NC + 0.075% immune FB-110; FB100, NC + 0.10% 
immune FB-110; ZO-1, zonula occludin-1; SEM, standard error of mean. 
a, b Means within a row with different letters are significantly different at p < 0.05. 
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Table 8. Effects of dietary Enterococcus faecalis–based parabiotic supplementation, alone or in combination, on 
microbiome abundance in ETEC challenge weaned pigs 

Items PC NC WB1 FB50 FB75 FB100 SEM p-value 

d 1         

Chao 1 854.31 815.51 887.20 797.60 748.83 890.39 73.388 0.723 

Shannon 7.53 7.16 7.63 7.49 7.29 7.63 0.250 0.708 
Simpson 0.98 0.97 0.99 0.99 0.98 0.98 0.006 0.306 

d 14         

Chao 1 987.60 1000.36 984.54 973.33 1003.51 974.15 37.594 0.988 

Shannon 7.87 7.99 7.74 7.75 7.86 7.95 0.080 0.314 
Simpson 0.99 0.99 0.99 0.99 0.99 0.99 0.003 0.973 

PC, basal diet; NC, basal diet + ETEC challenge; WB1, NC + 0.10% Enterococcus faecalis EF 2001 1.0 × 1010 
cells/g; FB50, NC + 0.05% immune FB-110; FB75, NC + 0.075% immune FB-110; FB100, NC + 0.10% 
immune FB-110; SEM, standard error of mean. 
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 615 
Fig 1. Effects of dietary Enterococcus faecalis–based parabiotic supplementation, alone or in combination, on 616 
fecal score in ETEC challenge weaned pigs. Normal feces are Score 0, soft feces are Score 1, mild diarrhea is 617 
Score 2 and severe diarrhea are Score 3. χ2= 89.622, p < 0.001. PC, basal diet; NC, basal diet + ETEC challenge; 618 
WB1, NC + 0.10% Enterococcus faecalis EF 2001 1.0 × 1010 cells/g; FB50, NC + 0.05% immune FB-110; 619 
FB75, NC + 0.075% immune FB-110; FB100, NC + 0.10% immune FB-110. 620 
a-c Means within a row with different letters are significantly different at p < 0.05. 621 
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 624 
Fig. 2. Effects of dietary Enterococcus faecalis–based parabiotic supplementation, alone or in 625 
combination, on b-diversity in ETEC challenge weaned pigs (d 1). PC, basal diet; NC, basal diet + 626 
ETEC challenge; WB1, NC + 0.10% Enterococcus faecalis EF 2001 1.0 × 1010 cells/g; FB50, NC + 627 
0.05% immune FB-110; FB75, NC + 0.075% immune FB-110; FB100, NC + 0.10% immune FB-628 
110; SEM, standard error of mean. 629 
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 630 
Fig. 3. Effects of dietary Enterococcus faecalis–based parabiotic supplementation, alone or in 631 
combination, on b-diversity in ETEC challenge weaned pigs (d 14). PC, basal diet; NC, basal diet + 632 
ETEC challenge; WB1, NC + 0.10% Enterococcus faecalis EF 2001 1.0 × 1010 cells/g; FB50, NC + 633 
0.05% immune FB-110; FB75, NC + 0.075% immune FB-110; FB100, NC + 0.10% immune FB-634 
110; SEM, standard error of mean. 635 
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 637 
Fig 4. Effects of dietary Enterococcus faecalis–based parabiotic supplementation, alone or in combination, on 638 
fecal microbiota in ETEC challenge weaned pigs. PC, basal diet; NC, basal diet + ETEC challenge; WB1, NC + 639 
0.10% Enterococcus faecalis EF 2001 1.0 × 1010 cells/g; FB50, NC + 0.05% immune FB-110; FB75, NC + 640 
0.075% immune FB-110; FB100, NC + 0.10% immune FB-110; SEM, standard error of mean. 641 
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