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Impact of in ovo and water supplementation of a postbiotic on intestinal integrity and immune responses in broiler chickens challenged with necrotic enteritis
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Necrotic enteritis (NE) is an enterotoxemic disease of poultry caused by Clostridium perfringens and inflicts substantial economic losses in the poultry industry. Postbiotics have emerged as a promising mitigation approach for NE as they can improve birds’ performance and nutrient absorption and reduce NE-associated pathology. This study evaluated the effects of in ovo and post-hatch application of a postbiotic on intestinal health and the response of broilers during a subclinical NE challenge. On embryonic day (d) 18, fertile broiler eggs were injected with 0.2 mL of either water or a postbiotic into the amnion. Male hatchlings (n = 288) were randomly assigned to one of four groups (six replicate cages, 12 birds/cage): (1) NC (in ovo water, no challenge), (2) PIW (postbiotic in ovo and in drinking water, no challenge), (3) NC+ (NC with NE challenge), and (4) PIW+ (PIW with NE challenge). On d 14, all birds in the NE-challenged groups were orally gavaged with 3,000 E. maxima sporulated oocysts, followed by two doses of ~1 × 108 CFU/mL per bird of C. perfringens on d 19 and d 20. Intestinal permeability, jejunum and ileum histomorphology, and mRNA abundance of genes related to gut health and immune response in the jejunum, ileum, and cecal tonsils (CT) were assessed. Data were analyzed using Student’s t-test and two-way ANOVA, with significance set at a p-value ≤ 0.05. On d 14, the PIW birds exhibited reduced crypt depth (CD) and an increased villus height-to-crypt depth (VH: CD) ratio in the jejunum. In addition, mRNA abundance of mucin-2 and olfactomedin-4 was higher in the PIW birds, while the levels of tumor necrosis factor alpha (TNF-α), inducible nitric oxide synthase (iNOS), interferon gamma (IFN-γ), and interleukin-10 were lower compared to the NC group. On d 21, intestinal permeability was not significantly affected, while postbiotic supplementation resulted in better villi and crypt structures, as manifested by a higher VH: CD ratio. Furthermore, the NE-challenged birds with postbiotic supplementation had higher mRNA abundance of zonula occludens-1 (ZO-1) and TNF-α in the jejunum and iNOS in the CT compared to the NE-challenged control group. In conclusion, supplementation of a postbiotic in ovo and via drinking water demonstrates potential to improve intestinal health and regulate immune responses during a subclinical NE challenge.
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1 Introduction

Necrotic enteritis (NE) and coccidiosis are two of the most important diseases in the commercial poultry industry, causing significant economic losses on a global scale (1, 2). Coccidiosis, caused by Eimeria spp., is considered a major predisposing factor for the development of NE. Coccidial infection triggers a mucogenic response in the host, characterized by increased mucus production and altered intestinal microbiota, which creates an environment that favors the growth of Clostridium perfringens and promotes the onset of NE (3). Consequently, NE causes intestinal inflammation, disrupts the intestinal epithelial layer through necrosis, and alters the intestinal structure, the function of tight junction (TJ) proteins, and the immune response of broiler chickens.

Postbiotics are inanimate bacterial or microbial fermentation components beneficial to the host (4). Saccharomyces cerevisiae-derived yeast fermentation products are commonly used as postbiotics, containing functional metabolites produced through controlled and proprietary fermentation processes. Postbiotics consist of a complex profile of metabolites, including short-chain fatty acids (SCFAs), organic acids, antioxidants, cell wall polysaccharides (such as β-glucan and mannan), amino acids, nucleotides, and vitamins B and K (5). These components have been associated with a wide range of beneficial outcomes across species, including dairy cattle (6), swine (7), poultry (8, 9), and horses (10). Supplementation of a postbiotic in ovo and in drinking water promoted gut health by reducing NE lesion scores and enhancing the capacity of nutrient digestion and absorption during an NE challenge in broiler chickens (11). Further, postbiotic supplementation in drinking water improved gut barrier function and intestinal morphology by increasing villus height (VH) and the villus height-to-crypt depth (VH: CD) ratio, reducing inflammatory responses, and modulating plasma phosphorus levels in heat-stressed ducks (12).

The effects of postbiotics on intestinal barrier function and the immune response have been studied previously. Pekin ducks supplemented with S. cerevisiae-derived yeast fermentation products exhibited higher mRNA abundance of intestinal TJ proteins, including claudin, occludin (OCLN), zonula occludens-1 (ZO-1), and mucin-2 (MUC2), compared to birds that were fed a basal diet (13). In addition, dietary supplementation with postbiotics increased CD3+, CD4+, and CD8 + T-lymphocyte populations in the spleen and blood, along with increased IgM levels in fresh peripheral blood, suggesting an improvement in both cellular and humoral immunity in broilers challenged with E. tenella (14). Similarly, cell wall components (a combination of β-glucan and mannoproteins) from S. cerevisiae positively influenced gut signaling during the NE challenge by promoting cell growth and reducing inflammation in broiler chickens (15).

In ovo administration of dietary nutrients into broiler eggs can enhance the development of the embryo, promote early gut maturation, boost the development of embryonic gut microbiota, and stimulate the maturation of post-hatch gut-associated lymphoid tissue (16, 17). However, few studies have evaluated the effects of early postbiotic supplementation on intestinal integrity and immune response during subclinical NE. Therefore, this study investigated the combined effects of postbiotic supplementation in ovo and in drinking water post-hatch on intestinal permeability, intestinal morphology, and mRNA abundance of structural and immune response genes in broilers during a subclinical NE challenge.



2 Materials and methods


2.1 Incubation and in ovo application

This study was approved by and conducted according to the guidelines of the UGA Institutional Animal Care and Use Committee (AUP #A2023 02–001). On embryonic day 18 (E18), fertilized Ross 708 eggs were candled to remove any unfertilized or dead embryos and randomly assigned to two groups. Each egg was candled, the air cell outlined, and a pinhole was made using a sterile 18-gauge needle attached to a rubber stopper. According to the manufacturer’s recommendations, 1.6 mL of an S. cerevisiae-based liquid postbiotic was diluted in one liter of sterile water. A second 1-mL syringe with a 22-gauge needle was used to inject 0.2 mL of either sterile water or the diluted postbiotic (1.6 mL/L) into the amnion. After injection, the pinhole was sealed with sterile paraffin wax, and the eggs were returned to the incubator at 37.5°C with 65% humidity.



2.2 Treatment, management, and NE challenge

Upon hatch, the chicks were feather-sexed, and 288 male hatchlings were housed in battery cages with six replicates, each containing 12 chicks, for 21 days. The treatment groups were as follows: (1) NC (in ovo water injection, no challenge), (2) PIW (postbiotic in ovo and in drinking water, no challenge), (3) NC+ (NC with NE challenge), and (4) PIW+ (PIW with NE challenge). The chicks were reared in battery cages equipped with trough feeders and waterers. Waterers were cleaned daily, and 1.6 mL/L of a fresh postbiotic/water mixture was provided to the PIW and PIW+ treatment groups throughout the experimental period. A corn-soybean meal diet was formulated for the starter (d 0–14) and grower (d 15–21) phases to meet the nutrient requirements of the Ross 708 broilers. Feed and water were provided ad libitum. On d 14 post-hatch, all birds in the NE-challenged groups (NC+ and PIW+) were orally gavaged with 3,000 E. maxima sporulated oocysts per bird. C. perfringens (#CP6, netB positive) was cultured anaerobically overnight at 37°C in fluid thioglycolate medium, and on d 19 and d 20, the birds were orally gavaged with 1 mL of fresh culture containing approximately 1.0 
×
 108 CFUs per bird.



2.3 Intestinal permeability

A fluorescein isothiocyanate-dextran (FITC-d; MW 4000 Da; Sigma Aldrich, Canada) solution was freshly prepared on each sampling day, stored at 4°C, and wrapped in aluminum foil to avoid light exposure. On d 14 and d 21, one bird per cage was randomly selected, leg banded, and inoculated with the FITC-d solution (2.2 mg/mL/bird) via oral gavage (18). After 2 h of inoculation, the birds were euthanized, and blood was collected from the jugular vein into pre-labeled sterile vacutainers. The blood samples were kept in a dark container at room temperature for 3 h and centrifuged at 3,000 × g for 15 min to separate the serum. A standard solution was made by diluting FITC-d with pooled sera from six non-experimental control birds. The serum samples and standard solution (100 μL each) were transferred to a 96-well dark flat-bottom plate in triplicate wells, and fluorescence was measured using a microplate reader (BioTek, Winooski, VT, United States) at 485 nm excitation and 528 nm emission.



2.4 Intestinal histomorphology

On d 14 and d 21, sections of the midpoint of the jejunum and ileum from one bird per cage were collected, rinsed with phosphate-buffered saline (PBS), fixed in 10% neutral formalin for at least 24 h, and embedded in paraffin. Sections of 5 μm thickness were cut and stained with hematoxylin and eosin (H&E). The H&E-stained sections were imaged using a Keyence microscope (BZ-X810; Keyence, Osaka, Japan) at 40 × magnification. Brightfield microscopy images were used to measure intestinal histomorphology parameters, including VH and crypt depth (CD), using ImageJ (National Institutes of Health, Bethesda, MD, United States). A minimum of 12 villi and crypts from four independent sections were measured per bird. VH was measured from the villus-crypt junction to the tip of the villus. CD was measured from the base of the crypt to the top of the crypt.



2.5 RNA extraction and real-time PCR

On d 0, 12 birds per treatment group were randomly selected and euthanized by cervical dislocation. Subsequently, one bird per cage was randomly selected on d 7, d 14, and d 21 for sampling. Approximately 2–3 cm of tissue samples were collected from the mid-jejunum and mid-ileum, and cecal tonsil (CT) tissues were excised, snap-frozen in liquid nitrogen, and stored at −80°C for mRNA abundance of genes related to intestinal integrity, stem cell proliferation, and immune response. The tissue samples were homogenized using a Bead Mill Homogenizer (VWR International, Radnor, PA, United States), and the total RNA was extracted using TRIzol reagent following the manufacturer’s instructions (Invitrogen Life Technologies, Waltham, MA, United States). The total RNA concentration was measured by optical density (OD) at 260 nm (Nanodrop OneC, Thermo Fisher), and purity was assessed by evaluating the OD 260/280 ratio. After extraction, 4 μg of the total RNA was reverse-transcribed into cDNA using the qScript cDNA SuperMix (Quantabio) as per the manufacturer’s protocol. The relative mRNA abundance of intestinal integrity genes [claudin (CLDN) 1 and 3, OCLN, ZO-1, and MUC2], stem cell-related genes [leucine-rich repeat-containing G-protein-coupled receptor 5 (LGR5) and olfactomedin-4 (OLFM4)], and immune response-related genes [tumor necrosis factor alpha (TNF-α), inducible nitric oxide synthase (iNOS), interferon gamma (IFN-γ), interleukin-1 beta (IL-1β), and IL-10] were measured using PowerTrack™ Fast SYBR Green Master Mix (Applied Biosystems, Waltham, MA, United States) on a QuantStudio™ 3 Real-Time PCR System (Applied Biosystems). To confirm amplicon specificity, each reaction included a melting curve analysis. The RT-PCR primers are listed in Table 1. Relative mRNA abundance of target genes was calculated using the 2-ΔΔCt method (19), and glyceraldehyde 3-phosphate dehydrogenase (GAPDH) was used as the housekeeping gene. The calibrator for all target genes was the average ΔCT value of the non-challenged control group (NC) at each respective time point.


TABLE 1 Sequences of the primers used for the analysis of mRNA abundance via quantitative RT-PCR.


	Gene1
	Primer Sequence2
	Size
	GenBank no.
	Reference

 

 	CLDN1 	F: GTGTTCAGAGGCATCAGGTATC 	107 	NM_001013611.2 	(45)


 	R: TCAGGTCAAACAGAGGTACAA


 	CLDN3 	F: CCCGTCCCGTTGTTGTTTTG 	126 	NM_204202.1 	(45)


 	R: CCCCTTCAACCTTCCCGAAA


 	OCLN 	F: CCGTAACCCCGAGTTGGAT 	214 	NM_205128.1 	(45)


 	R: ATTGAGGCGGTCGTTGATG


 	ZO-1 	F: GGAGTACGAGCAGTCAACATAC 	101 	XM_413773 	(45)


 	R: GAGGCGCACGATCTTCATAA


 	MUC2 	F: TTCATGATGCCTGCTCTTGTG 	93 	XM_421035 	(45)


 	R: CCTGAGCCTTGGTACATTCTTGT


 	LGR5 	F: CCTTTATCAGCCCAGAAGTGA 	338 	XM_425441.4 	(46)


 	R: TGGAACAAATGCTACGGATG


 	OLFM4 	F: GACTGGCTCTCTGGATGACC 	108 	NM_001040463.1 	(46)


 	R: AGCGTTGTGGCTATCACTTG


 	TNF-α 	F: CGTTTGGGAGTGGGCTTTAA 	61 	NM_204267.1 	(47)


 	R: GCTGATGGCAGAGGCAGAA


 	iNOS 	F: GGCAGCAGCGTCTCTATGACTTG 	185 	NM_204961 	(48)


 	R: GACTTTAGGCTGCCCAGGTTG


 	IFN-γ 	F: GCTCCCGATGAACGACTTGA 	63 	NM_205149.2 	(45)


 	R: TGTAAGATGCTGAAGAGTTCATTCG


 	IL-1β 	F: CGAGGAGCAGGGACTTTGC 	71 	NM_204524.2 	(45)


 	R: GAAGGTGACGGGCTCAAAAA


 	IL-10 	F: CGCTGTCACCGCTTCTTCA 	63 	NM_001004414.2 	(47)


 	R: CGTCTCCTTGATCTGCTTGATG


 	GAPDH 	F: CCTAGGATACACAGAGGACCAGGTT 	64 	NM_204305.1 	(11)


 	R: GGTGGAGGAATGGCTGTCA





1 CLDN1, claudin 1; CLDN3, claudin 3; OCLN, occludin; ZO-1, zonula occludens-1; MUC2, mucin 2; LGR5, leucine rich repeat containing G protein-coupled receptor 5; OLFM4, Olfactomedin-4; TNF-α, Tumor necrosis factor alpha; iNOS, Inducible nitric oxide; IFN-γ, interferon gamma; IL-1β, interleukin 1 beta; IL-10, interleukin 10; GAPDH, Glyceraldehyde 3-phosphate dehydrogenase.

2 Reference chicken gene sequences for forward (F) and reverse (R; 5′-3′) primers, and the amplicon size (bp) and GenBank accession numbers used for primer design are listed.
 



2.6 Statistical analyses

Statistical analysis for the pre-challenge period (d 0–14) was performed using Student’s t-test. For the post-challenge period (d 14–21), data were analyzed as a 2 × 2 factorial design, with additive treatment (no postbiotic vs. postbiotic in ovo and in drinking water) and NE challenge (no challenge vs. NE challenge) as main effects, including their interaction. Analysis was performed using two-way ANOVA in JMP Pro 18, followed by Tukey’s test to compare means. All figures were created using the GraphPad Prism 8 software (San Diego, CA, United States). The results are presented as least square means (LS Means) 
±
 standard error mean (SEM). Statistical significance between the groups was defined as a p-value ≤ 0.05.




3 Results


3.1 Intestinal permeability

Serum FITC-d levels in the broilers on d 14 and d 21 are presented in Figure 1. On d 14, serum FITC-d concentrations were not affected by in ovo or water supplementation of the postbiotic. In addition, no significant interaction of postbiotic treatment × NE challenge was observed, with the concentration of serum FITC-d unchanged at the peak of the NE challenge on d 21.

[image: Bar graphs showing serum FITC-d concentrations in micrograms per milliliter. Graph A compares NC and PIW at day fourteen, with no significant difference, P equals 0.226. Graph B compares NC, PIW, NC+, and PIW+ at day twenty-one, with P values for P_CH, P_PB, and P_Inter at 0.158, 0.167, and 0.886, respectively. Error bars indicate variability.]

FIGURE 1
 Serum fluorescein isothiocyanate-dextran (FITC-d, 4 kDa) levels on d 14 (A) and d 21 (B). Data represent the LS means ± SE value. Panel A includes 12 birds per treatment, analyzed using Student’s t-test. Panel B includes six birds per cage, analyzed using two-way ANOVA. NC, in ovo water injection, drinking water, no challenge control group; PIW, in ovo postbiotic, postbiotic in drinking water, no challenge; NC+, in ovo water injection, drinking water, NE challenge; PIW+, in ovo postbiotic, postbiotic in drinking water, NE challenge.




3.2 Histomorphological measurements

The morphological measurements of the jejunum and ileum on d 14 and d 21 are shown in Table 2. On d 14, significantly lower CD (p < 0.001) and a higher VH: CD ratio (p = 0.001) were observed in the jejunum of the PIW birds. In the ileum, no significant differences in VH, CD, or VH: CD ratio were observed on d 14.


TABLE 2 Effect of in ovo administration and water supplementation of the postbiotic on intestinal morphology during the NE challenge1.


	Treatment groups2
	Jejunum
	Ileum



	Villus height (μm)
	Crypt depth (μm)
	VH: CD
	Villus height (μm)
	Crypt depth (μm)
	VH: CD

 

 	d 14


 	NC 	1105.2 	150.3a 	7.8b 	618.1 	133.8 	5.1


 	PIW 	1065.2 	120.9b 	9.4a 	631.5 	144.6 	4.6


 	SEM 	23.83 	6.20 	0.42 	13.90 	8.35 	0.25


 	P-value 	0.097 	<0.001 	0.001 	0.364 	0.198 	0.066


 	d 21


 	NC 	1182.8a 	146.6 	8.4 	665.5c 	153.9b 	4.5b


 	PIW 	1119.2a 	127.5 	9.4 	746.8b 	112.0c 	7.1a


 	NC+ 	698.3c 	367.3 	2.1 	839.4a 	217.8a 	4.1b


 	PIW+ 	876.9b 	355.3 	2.7 	821.9a 	204.6a 	4.2b


 	SEM 	14.00 	4.26 	0.12 	7.35 	2.41 	0.09


 	Main effects


 	PB


 	Water 	940.5b 	256.9 	5.3b 	752.4b 	185.9a 	4.3b


 	Postbiotic 	998.1a 	241.4 	6.1a 	784.4a 	158.3b 	5.6a


 	CH


 	Non-challenge 	1150.9a 	137.0b 	8.9a 	706.1b 	132.9b 	5.8a


 	NE challenge 	787.6b 	361.3a 	2.4b 	830.7a 	211.2a 	4.1b


 	p-value3


 	PB 	0.041 	0.070 	0.001 	0.031 	<0.001 	<0.001


 	CH 	<0.001 	<0.001 	<0.001 	<0.001 	<0.001 	<0.001


 	Inter 	<0.001 	0.675 	0.435 	0.001 	0.003 	<0.001





a–cSuperscripts within columns indicate differences at p ≤ 0.05.

1 Values are expressed as LS means ± SE.

2 NC, in ovo water injection, drinking water, no challenge; PIW, in ovo postbiotic, postbiotic in drinking water, no challenge; NC+, in ovo water injection, drinking water, NE challenge; PIW+, in ovo postbiotic, postbiotic in drinking water, NE challenge.

3 PB, postbiotic treatment effect; CH, NE challenge effect; Inter, postbiotic treatment and NE challenge interaction.
 

On d 21, a significant postbiotic treatment × NE challenge interaction (p < 0.001) was observed for jejunal VH, where the NC+ and PIW+ groups exhibited significantly lower VH compared to the birds in the NC and PIW groups. Among the non-challenged birds, VH did not differ significantly between the NC (1182.8 μm) and PIW (1119.2 μm) groups. However, among the NE-challenged birds, VH was significantly higher in the PIW+ group (876.9 μm) compared to the NC+ group (698.3 μm). No significant interaction between postbiotic supplementation and NE challenge was observed for jejunal CD or the VH: CD ratio. The NE challenge significantly increased CD compared to the non-challenged birds (p < 0.001). The VH: CD ratio in the NE-challenged birds was significantly lower compared to the non-challenged birds (p < 0.001). In addition, postbiotic supplementation significantly increased the VH: CD ratio (p = 0.001), with higher values observed in the postbiotic groups compared to the non-supplemented groups.

There was a significant postbiotic treatment × NE challenge interaction effect on VH (p = 0.001), CD (p = 0.003), and the VH: CD ratio (p < 0.001) in the ileum on d 21. Specifically, VH and CD were significantly greater in the NC+ and PIW+ groups compared to the NC and PIW groups. The birds in the NC+ (839.4 μm) and PIW+ (821.9 μm) groups had significantly higher VH compared to both the NC (665.5 μm) and PIW (746.8 μm) groups. While there was no significant difference in VH between the NC+ and PIW+ birds, among the non-challenged groups, the PIW birds exhibited significantly higher VH compared to the NC birds. In addition, a significant postbiotic treatment × NE challenge interaction was observed for the VH: CD ratio (p < 0.001), where the PIW birds exhibited a significantly higher VH: CD ratio compared to the NC, NC+, and PIW+ groups in the ileum on d 21.

Representative light microscopy images of intestinal morphology are shown in Figure 2. Severe damage to the jejunum was observed in the NC+ group, characterized by villus shortening, crypt hyperplasia, and fusion of villi and crypts. Postbiotic supplementation significantly alleviated the degree of intestinal epithelial damage (Figure 2B). Similarly, the NE-challenged birds with postbiotic supplementation (PIW+) showed improved ileal morphology compared to the NC+ group, although the severity of ileal damage was less pronounced than in the jejunum.

[image: Histological images of the jejunum and ileum in two panels labeled A and B. Panel A shows two columns: NC and PIW, with sections of jejunum and ileum. Panel B contains four columns: NC, PIW, NC+, and PIW+, showing further sections of the jejunum and ileum. The tissue samples are stained and exhibit structural differences across the conditions.]

FIGURE 2
 Histomorphological images of the jejunum and ileum on d 14 (A) and d 21 (B). NC, in ovo water injection, drinking water, no challenge control group; PIW, in ovo postbiotic, postbiotic in drinking water, no challenge; NC+, in ovo water injection, drinking water, NE challenge; PIW+, in ovo postbiotic, postbiotic in drinking water, NE challenge. Scale bar: 500 μm.




3.3 mRNA abundance of intestinal integrity genes in the jejunum and ileum on days 0, 7, and 14

The effects of in ovo and water supplementation of the postbiotic on the mRNA abundance of intestinal integrity genes in the jejunum and ileum during the pre-challenge period are shown in Figure 3. mRNA abundance of CLDN1 (p = 0.003) and OCLN (p = 0.043) in the jejunum was higher in the postbiotic birds (PIW) compared to those in the NC group on d 0 (Figure 3A). However, no differences were observed between the PIW and NC birds for these intestinal integrity genes in the ileum on d 0, in both the jejunum and ileum on d 7, or in the jejunum on d 14 (Figures 3B,C). mRNA abundance of MUC2 (p = 0.031) was significantly higher in the PIW birds compared to the NC birds in the ileum on d 14 (Figure 3C).

[image: Bar graphs labeled A, B, and C show the fold change in gene expression for CLDN1, CLDN3, OCLN, ZO-1, and MUC2 in the jejunum and ileum at days 0, 7, and 14, comparing NC (black) and PIW (gray). Significant differences with p-values are noted above certain bars.]

FIGURE 3
 Relative mRNA abundance of intestinal integrity genes in the jejunum and ileum on d 0 (A), d 7 (B), and d 14 (C). Bars with different letters (a,b) are significantly different (p ≤ 0.05). Data represent the LS means ± SE value of 12 birds per treatment. NC, in ovo water injection, drinking water, no challenge control group; PIW, in ovo postbiotic, postbiotic in drinking water, no challenge.




3.4 mRNA abundance of intestinal integrity genes in the jejunum and ileum on d 21

A significant postbiotic and NE challenge interaction was observed between the treatment groups in the mRNA abundance of ZO-1 (p = 0.004) in jejunal tissues (Figure 4A), where the PIW+ treatment exhibited significantly higher ZO-1 mRNA abundance compared to the other treatment groups. In addition, a significant NE challenge effect was observed, with both challenged groups showing greater mRNA levels of CLDN1 (p < 0.001), CLDN3 (p = 0.029), and ZO-1 (p < 0.001) and lower MUC2 (p < 0.001) compared to the non-challenged groups in the jejunum on d 21 (Figure 4A). Similarly, a significant NE challenge effect was observed, with both challenged groups showing greater mRNA levels of CLDN1 (p < 0.001) compared to the non-challenged groups in the ileum on d 21 (Figure 4B).

[image: The bar graphs labeled A and B show the effects of postbiotic supplementation and necrotic enteritis (NE) challenge on the fold change in gene expression of CLDN1, CLDN3, OCLN, ZO-1, and MUC2 in the jejunum and ileum.]

FIGURE 4
 Relative mRNA abundance of intestinal integrity genes in the jejunum (A) and ileum (B) on d 21. Bars with different letters (a,b) are significantly different (p ≤ 0.05). Data represent the LS means ± SE value of six birds per cage. NC, in ovo water injection, drinking water, no challenge control group; PIW, in ovo postbiotic, postbiotic in drinking water, no challenge; NC+, in ovo water injection, drinking water, NE challenge; PIW+, in ovo postbiotic, postbiotic in drinking water, NE challenge.




3.5 mRNA abundance of stem cell markers in the jejunum and ileum on days 0, 7, and 14

The effects of in ovo injection and water supplementation of the postbiotic on the mRNA abundance of stem cell markers in the jejunum and ileum of the broilers are shown in Figure 5. On d 0, no significant differences were found for stem cell markers in the jejunum, but mRNA abundance of LGR5 was significantly higher (p = 0.016) in the PIW group compared to the NC group in the ileum. A significantly greater mRNA abundance of OLFM4 (p = 0.019) was observed in the PIW group compared to the NC group in the jejunum on d 7, and on d 14, OLFM4 levels were significantly higher (p = 0.017) in the PIW group compared to the NC group in the ileum.

[image: Bar charts labeled A, B, and C show the fold change of LGR5 and OLFM4 genes in the jejunum and ileum over days zero, seven, and fourteen. The charts compare two groups, NC and PIW, represented by black and gray bars, respectively. Significant differences are noted with p-values for LGR5 and OLFM4 in the ileum across different days.]

FIGURE 5
 Relative mRNA abundance of stem cell markers in the jejunum and ileum on d 0 (A), d 7 (B), and d 14 (C). Bars with different letters (a,b) are significantly different (p ≤ 0.05). Data represent the LS means ± SE value of 12 birds per treatment. NC, in ovo water injection, drinking water, no challenge control group; PIW, in ovo postbiotic, postbiotic in drinking water, no challenge.




3.6 mRNA abundance of stem cell markers in the jejunum and ileum on day 21

On d 21, no significant postbiotic treatment × NE challenge interactions were observed for stem cell markers in both the jejunum and ileum (Figure 6). However, the NE challenge resulted in significantly lower mRNA levels of LGR5 in the jejunum (p = 0.009) and ileum (p = 0.002) on d 21. The postbiotic treatment had no significant impact on the stem cell markers analyzed in the jejunum and ileum on d 21.

[image: Bar graphs showing fold change expression of LGR5 and OLFM4 genes in the jejunum (A) and ileum (B). Four groups: NC, PIW, NC+, and PIW+, indicated by different shades. Statistical values (P_CH, P_PB, P_Inter) are provided for each tissue and gene.]

FIGURE 6
 Relative mRNA abundance of stem cell markers in the jejunum (A) and ileum (B) on d 21. Data represent the LS means ± SE value of six birds per cage. NC, in ovo water injection, drinking water, no challenge control group; PIW, in ovo postbiotic, postbiotic in drinking water, no challenge; NC+, in ovo water injection, drinking water, NE challenge; PIW+, in ovo postbiotic, postbiotic in drinking water, NE challenge.




3.7 mRNA abundance of immune response genes in the jejunum and CT on days 0, 7, and 14

The effects of in ovo and post-hatch water supplementation of the postbiotic on the mRNA abundance of immune response genes in the jejunum and CT of the broilers are shown in Figure 7. There was no significant difference in the mRNA abundance of immune-related genes in either the jejunum or CT on d 0 and d 7 (Figures 7A,B). On d 14, no significant differences were found for the immune response genes in the jejunum. However, mRNA abundance of TNF-α (p = 0.036), iNOS (p = 0.013), IFN-γ (p = 0.019), and IL-10 (p = 0.031) was lower in the PIW group compared to the NC group in the CT on d 14.

[image: Bar graphs depict fold changes in expression of inflammatory markers in the jejunum and cecal tonsils at days 0, 7, and 14. Bars are divided into NC (black) and PIW (gray). Each panel (A, B, C) shows data for TNF-α, iNOS, IFN-γ, IL-1β, and IL-10. Notable differences are marked on day 14, with statistical significance in the cecal tonsils for IL-10, IFN-γ, and IL-1β.]

FIGURE 7
 Relative mRNA abundance of immune response genes in the jejunum and cecal tonsils on d 0 (A), d 7 (B), and d 14 (C). Bars with different letters (a,b) are significantly different (p ≤ 0.05). Data represent the LS means ± SE value of 12 birds per treatment. NC, in ovo water injection, drinking water, no challenge control group; PIW, in ovo postbiotic, postbiotic in drinking water, no challenge.




3.8 mRNA abundance of immune response genes in the jejunum and CT on d 21

A significant postbiotic treatment and NE challenge interaction was observed between the treatment groups for the mRNA abundance of TNF-α and iNOS in the jejunum and CT, respectively (Figures 8A,B). The NE challenge resulted in significantly lower mRNA abundance of TNF-α (p = 0.019), iNOS (p = 0.002), IFN-γ (p < 0.001), IL-1β (p = 0.003), and IL-10 (p < 0.001) levels in the jejunum, as well as reduced IL-1β (p = 0.008) in the CT on d 21. The postbiotic treatment had no significant impact on immune response genes in the jejunum but resulted in increased iNOS (p = 0.011) mRNA abundance in the CT on d 21.

[image: Bar graphs showing fold change in gene expression levels for TNF-α, iNOS, IFN-γ, IL-1β, and IL-10 in the jejunum and cecal tonsils. Four conditions are compared: NC, PIW, NC+, and PIW+. Statistical significance is indicated with P values next to each bar, and different letters denote significant differences.]

FIGURE 8
 Relative mRNA abundance of immune response genes in the jejunum (A) and cecal tonsils (B) on d 21. Bars with different letters (a,b) are significantly different (p ≤ 0.05). Data represent the LS means ± SE value of six birds per cage. NC, in ovo water injection, drinking water, no challenge control group; PIW, in ovo postbiotic, postbiotic in drinking water, no challenge; NC+, in ovo water injection, drinking water, NE challenge; PIW+, in ovo postbiotic, postbiotic in drinking water, NE challenge.





4 Discussion

The NE challenge primarily causes tissue damage in the small intestine, leading to intestinal inflammation and compromising immune function. Subclinical NE is characterized by poor growth, mild intestinal lesions, and no to minimal NE-related mortality (20). We previously reported that in ovo and water supplementation of a postbiotic alleviated the negative effects of an NE challenge by improving performance, reducing NE lesions, and increasing the mRNA abundance of intestinal nutrient transporter genes during subclinical NE (11). This study further evaluated the effects of in ovo administration and water supplementation of a postbiotic on intestinal morphology, gut permeability, and the expression of several TJ proteins, stem cell markers, and immune response genes in broiler chickens during a subclinical NE challenge.

Histomorphological examination of intestinal segments is a widely used method for evaluating intestinal health, primarily through measurements of VH and CD (21). A greater VH and VH: CD ratio indicate an enhanced absorptive surface area relative to the proliferative crypt regions, suggesting enhanced nutrient absorption and overall intestinal function (22). Our results revealed that postbiotic supplementation decreased CD and increased the VH: CD ratio in the jejunum prior to the NE challenge. The intestinal tract of the NE-challenged control birds displayed apical necrosis, villus breakdown, and crypt hyperplasia at the peak challenge on d 21. In contrast, postbiotic supplementation mitigated these negative effects, preserving villus integrity and improving overall intestinal morphology. Similar results were observed in chicks infected with C. perfringens, where supplementation with S. cerevisiae-derived mannan oligosaccharides (MOS) improved intestinal morphology, humoral immune response, and gut microbiota metabolites (23). The beneficial effects of postbiotics on the development of intestinal villi and crypts may be attributed to bioactive metabolites, such as SCFAs, which are absorbed by enterocytes as a key energy source, or their potential indirect effect on the microbiota, collectively supporting intestinal barrier function (24). Therefore, early supplementation of postbiotics offers potential enhancement of intestinal morphology, possibly by promoting beneficial intestinal microbiota and modulating the immune response (25, 26).

The intestinal barrier is supported by mucin, forming a protective mucus layer on the intestinal lining, while TJ proteins, including claudins, OCLN, and ZO family members, act as seals between epithelial cells (27). The current study showed that the birds in ovo-injected with the postbiotic (PIW) had significantly greater mRNA abundance of CLDN1 and OCLN in the jejunum compared to the NC group on d 0. In ovo administration of postbiotics through the amnion during late-stage embryonic development may promote the colonization of beneficial gut bacteria after hatch, leading to improved intestinal integrity and nutrient digestibility (28). MUC2, produced by epithelial goblet cells, is an important glycoprotein in the chicken intestines that contributes to intestinal barrier function and homeostasis (29). The broilers supplemented with the postbiotic in ovo and in drinking water showed significantly greater MUC2 mRNA abundance in the ileum compared to the non-supplemented control birds on d 14. This finding aligns with a previous study reporting that broilers supplemented with a Lactiplantibacillus plantarum-based postbiotic exhibited greater MUC2 and OCLN expression in the jejunum on d 42 (30). Our study showed that the NE-challenged birds supplemented with the postbiotic through in ovo injection and drinking water displayed increased mRNA levels of ZO-1 in the jejunum on d 21. ZO-1 is present in intestinal epithelial cells and interacts with claudins and OCLN to enhance the stability of TJ proteins (31). Our results suggest that broilers supplemented with a postbiotic both in ovo and in drinking water have the potential to modulate intestinal integrity during an NE challenge.

Intestinal stem cells are located at the base of intestinal crypts, playing a vital role in tissue regeneration and repair, maintenance of intestinal integrity, and support of immune function. At hatch, in ovo supplementation of the postbiotic resulted in increased mRNA abundance of LGR5 in the ileum on d 0. LGR5 is involved in the Wnt signaling pathway that regulates stem cell growth and tissue renewal (32). This suggests that postbiotic supplementation during late embryogenesis promotes intestinal stem cell differentiation, ensures the proper function of the intestinal barrier, and supports efficient nutrient absorption. In the present study, the PIW birds exhibited higher mRNA abundance of OLFM4 in the jejunum and ileum on d 7 and d 14, respectively. These results coincide with the rapid growth of the intestine, as evidenced by increased VH and VH: CD ratio. Birds fed MOS derived from the cell wall of S. cerevisiae exhibited greater VH, thus enlarging the nutritive absorptive area and promoting cell proliferation in the intestinal mucosa (33). When the intestinal epithelial lining is damaged upon injury (e.g., during NE), enterocytes undergo apoptosis and are replaced by new cells generated by stem cells (34). The lower mRNA levels of LGR5 in the NE-challenged groups during peak infection are likely a consequence of a deregulated intestinal renewal process. This deregulation process during NE compromises the intestinal barrier, creating small gaps between TJ proteins that allow C. perfringens toxins to pass through and further exacerbating localized inflammation (35).

Several studies have reported that in ovo delivery of bioactives can significantly enhance gut development, promote maturation of the gastrointestinal tract-associated innate immune system, and improve overall post-hatch performance in chickens (36). Our study showed that the chicks supplemented with the postbiotic through in ovo injection and drinking water had significantly lower mRNA abundance of the proinflammatory cytokines TNF-α and IFN-γ compared to the NC group in the CT on d 14. In addition, lower mRNA levels of iNOS and IL-10 were observed in the CT of the postbiotic-treated groups on d 14. TNF-α and IFN-γ are involved in macrophage activation in chickens and act systematically to induce robust nitric oxide (NO) responses via the enzyme iNOS (37). These changes may result from the immunoregulatory effects of postbiotics, as shown by a previous study where in ovo supplementation with yeast cell wall-derived MOS and xylooligosaccharides reduced proinflammatory cytokines and enhanced immunity (38). Such modulation of immune signaling may facilitate the maturation and preservation of intestinal barrier integrity, which could explain the observed upregulation of ZO-1 and MUC2 expression in the present study (39). IL-10, an immunoregulatory cytokine that controls the immune response during inflammation by inhibiting pro-inflammatory cytokines such as IFN-γ, helps to counteract excessive inflammation (40). The lower mRNA abundance of pro-inflammatory cytokines and the immunoregulatory cytokine IL-10 in the postbiotic-treated group may indicate a well-regulated immune response and locally primed immunity prior to the NE challenge (37). This reduced expression could reflect a balanced immune system, likely poised to initiate a more rapid and coordinated immune response upon challenge.

Following this immune regulation, on d 21, the NE-challenged birds supplemented with the postbiotic displayed higher mRNA abundance of pro-inflammatory cytokines (e.g., TNF-α and iNOS) compared to the NE-challenged control group. This could be attributed to the enhanced Th1 immunomodulatory effects of certain postbiotic metabolites, such as MOS, SCFAs, antimicrobial peptides, polysaccharides, and proteins, or a combination of these components, which collectively help manage NE during peak infection (24, 41, 42). Similarly, chickens fed yeast-based β-glucans showed greater mRNA abundance of IL-10, IFN-γ, iNOS, and macrophage migration inhibitory factor in thymus tissues during an Eimeria challenge (43). The increased mRNA abundance of pro-inflammatory cytokines could be further supported by tissue repair, aligning with the elevated abundance of ZO-1 and improved intestinal morphology observed in the NE-challenged birds supplemented with the postbiotic. Postbiotics can modulate cytokine levels; however, discrepancies in findings have been observed due to variations in postbiotic composition, form, and inclusion levels, as well as environmental conditions and the presence or absence of a challenge (44). Further investigations are needed to better delineate the immune regulation associated with in ovo administration and water supplementation of postbiotics.



5 Conclusion

Supplementation of this postbiotic in ovo and in drinking water post-hatch directly influenced intestinal maturation and development, as demonstrated by a higher VH: CD ratio in the jejunum, increased mRNA abundance of TJ proteins and stem cell-related genes, and reduced mRNA levels of inflammatory cytokines prior to the NE challenge. Postbiotic supplementation in ovo and in drinking water provided protection against NE in the broiler chickens by significantly improving intestinal morphology, enhancing immune-related mRNA abundance, and strengthening the intestinal barrier.
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