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ABSTRACT 
This experiment is aimed to study the effect of non-starch polysaccharide-degrading enzyme “β-mannanase” on alleviating the negative effects of dietary mannans on the gut health and immunity of broilers fed a low-energy diet. A Six week experiment was conducted in deep litter housing system on total 300, day-old straight-run broiler chicks (Cobb-430Y strain) randomly divided into five groups, containing 60 chicks per group, with three replicates of 20 chicks in each. The diets were positive control (PC): Standard control diet, Negative Control-1 (NC1): 75 kcal/kg less ME than standard diet, Negative Control-2 (NC2): 100 kcal/kg less ME than standard diet, NC1 + BM: NC1 + 100g /ton β-mannanase, and NC2 + BM : NC2 + 100g /ton β-mannanase (Natupulse® TS). The broilers were fed with corn-soybean meal-based diet in pre-starter (0-14 days), starter (15-28 days), and finisher (29-42 days) phases. The diets formulated were non-isocaloric and iso-nitrogenous in nature. The pre-starter, starter, and finisher diets of PC contained 3,000, 3,125, and 3,250 kcal/kg metabolic energy (ME); and  22.50, 21, 19.5% crude protein, respectively. The jeunal histomorphology (Vill height, width, crypt depth, villi height to crypt depth ratio, and goblet cell count), Jejunal microbial count (Lactobacillus, E. coli and Total Viable Count) and relative weights of immune organ (Spleen, Bursa of Fabricius and Thymus) were studied on 35th day age.   
The β-mannanase supplementation in low-energy diet significantly (P < .05) lowered crypt depth, increased villus height : crypt depth ratio and lowered goblet cell count in the Jejunum compared to PC and negative controls (NC1 and NC2), indicating that β-mannanase helps to improve gut health. A significant (P < .05) decrease in goblet cell count in Jejunal villi of the small intestine in β-mannanase supplemented groups indicated that the β-mannanase alleviates the negative effects of mannans-containing diets that might help in reducing intestinal viscosity. The β-mannanase addition significantly improved the weights of immune organs like the spleen, bursa of fabricius, and thymus, indicating a better immune response. The β-mannanase significantly (P < .01) improved Lactobacillus count and decreased the E coli count of jejunal content. The significantly (P < .05) improved total viable count in β-mannanase groups might be due to an increase in Lactobacillus count. Results conclude that supplementation of β-mannanase @ 100g/ton in low-energy diets (75 and or 100 kcal/kg less ME) alleviates negative effects of dietary mannans and significantly improves gut health and immunity. 
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1. INTRODUCTION 
The poultry experts continue seeking solutions to minimize feed costs by improving nutrient utilization and gut health. One way to improve nutrient utilization is by minimizing antinutritional factors (ANF) in feed ingredients that are not degraded sufficiently in the gastrointestinal tract (GIT) [1]. Dietary NSPs are indigestible by poultry but represent a potential energy source through the intervention of dietary enzymes. According to water solubility, the NSPs are classified as soluble and insoluble [2]. Commercial broiler diet contain 10-12% total NSPs out of which 1-2.5% NSPs are water soluble [2]. The water-soluble NSPs increase the viscosity of GIT and increased susceptibility to gut health challenges [3, 4]. 
Corn and soybean meal (SBM) are the two major ingredients commonly used by poultry producers to formulate the broiler diet (Corn-soy based diets). However, SBM comprises 17-27% NSPs [5]. The SBM contains 3% soluble NSPs and 16% insoluble NSPs consisting of mannans and galactomannans [6]. Approximately 7kg per ton is β-mannan content of broiler feed when using 48% dehulled SBM for broiler diet formulation [7] . Hence, β-mannan is present in the overwhelming majority of broiler diets currently used worldwide that causes harmful effect on gut health and broiler performance. β-mannans increases digesta viscosity [8, 9], hinder digestion and absorption of nutrients, causes energy loss [10], disrupt the intestinal microbiome [11] . 
[bookmark: _Hlk168413285]The application of dietary enzyme targeting NSPs in the diets is currently gaining interests in poultry because of their ability to improve energy and nutrient utilization [12]. Poultry do not have enzyme to break down β-mannan. Hence exogenous addition of β-mannanase enzyme has gradually become an effective strategy by improving gut health and immunity. Mannanase exert prebiotic effect of MOS that maintain gut microbiome and immunity by promoting beneficial bacteria and inhibiting the harmful bacteria [13]. Recently, Nusairat et al. [4] reported that the β-mannanase in corn-soybean based diet reduced gut viscosity and lesion scoring of broiler chicken fed with 100 kcal/kg low energy. Supplementing the corn-SBM diets with β-mannanase resulted in preparing a suitable environment for the growth of Lactobacillus while reducing the activity of E. coli [9, 14]. Recently, Sastre-Calderon et al. [15] reported that the β-mannanase supplementation in sorghum-soybean meal-based diet improved immunity. Dietary β-Mannanase supplementation has been reported to decrease MUCIN 2 (MUC2) gene expression in the intestine [16] and reduce intestinal viscosity. Unraveling positive effects of β-mannanase (endo-1,4-s-D-mannanase) in corn-soybean meal-based based will help to develop nutritional strategies for enhancing gut health and immunity. This study aimed to use β-mannanase enzyme in mannan-containing corn-soybean meal-based low-energy diet for a better intestinal environment and health to improve nutrient availability and thereby energy compensatory effect as well as immunity in broilers. 

2. MATERIALS AND METHODS 
2.1 Experimental design 
[bookmark: _Hlk159981308]An experiment was undertaken at the Department of Poultry Science, KNP College of Veterinary Science Shirwal Dist. Satara, Maharashtra. The research is approved by Institutional Animal Ethics Committee (IAEC) [Protocol No IAEC1/21/24/KNPCVS/2024]. Total 300, day-old straight-run commercial broiler chicks of Cobb-430Y strain were randomly divided into five groups containing 60 chicks per group with three replicates of 20 chicks in each. The diets were positive control (PC): : Standard control diet, Negative Control-1 (NC1): 75 kcal/kg less ME than standard diet, Negative Control-2 (NC2): 100 kcal/kg less ME than standard diet, NC1 + BM: NC1 + 100g /ton β-mannanase and NC2 + BM : NC2 + 100g /ton β-mannanase (Natupulse® TS). The experiment was conducted in deep litter housing system for a period of six weeks in the pre-starter (0-14 days), starter (15-28 days), and finisher (29-42 days) phases. The diets formulated were corn-soybean meal-based, and non-isocaloric and iso-nitrogenous in nature. The metabolic energy (ME) content of pre-starter, starter, and finisher diets of PC was 3,000, 3,125, 3,250 kcal/kg feed, respectively. The crude protein content of pre-starter, starter, and finisher feed of all diets was 22.50, 21, 19.5  respectively. Following parameters were studied during the experiment. 

2.2 Histomorphology of Jejunum 
 	Jejunum samples from six birds per treatment group were collected during slaughter at the end of the 35th day. The samples were carefully excised by dissection, ensuring that the middle portion of each jejunal segment was obtained for histomorphometric analysis. These tissue pieces were fixed and preserved in 10% neutral-buffered formalin. After fixation, the collected tissue underwent processing through an alcohol-xylene protocol in an automated tissue processor and embedded in paraffin at 60°C. The tissue sections were cut to a thickness of 3-5 micrometers using an automated tissue microtome. The slides were stained using the routine Haematoxylin and Eosin method [17]. The histological analysis involved measurements of villus height (µm), width (µm), crypt depth (µm) and villus height:crypt depth ratio. The goblet cell count was calculated in 100 x 100 µm area of histological slide. 
2.3 Relative immune organ weights 
On 35th day of age one male and one female bird were randomly selected from each replicate (a total of six birds from each treatment) and slaughtered at the end of the experiment to collect immune organs. The broilers were fasted for four hours and pre-slaughter weight was recorded. The relative weights of spleen, bursa of fabricious and thymus were recorded and expressed as percent body weight.
2.4 Jejunal digesta microbial counts (log10 CFU/g)
Lactobacillus and E.coli Count and Total Viable Count: Jejunal digesta microbial counting was performed using the standard plate count method. The chickens were eviscerated manually, and the GIT was aseptically opened. Then, 1 mL of jejunal digesta was aspirated using a pipette from the slaughtered chickens, and serial dilutions were made with sterilized saline solution. A 1:10 dilution of the sample was made with PBS and vortexed for 2 minutes, followed by serial dilutions up to a 10-fold dilution [18, 19]. Afterward, 100 µL of the sample were taken from selected dilutions and plated onto sterilized Plate Count Agar and Eosin Methylene Blue Agar (EMB). After 48 hours of incubation at 37°C, the total aerobic bacteria and E. coli were counted. Similarly, 100 µL of the supernatant was spread onto Lactobacillus MRS (De Man, Rogosa, and Sharpe) media agar to calculate the total Lactobacillus population [20]. All agars were obtained from HiMedia (India). The results were expressed as the number of CFU per gram (log10 CFU/g) of jejunal digesta content.

2.5 Statistical Analysis 

The data was analyzed in a completely randomized design by using one-way ANOVA with the help of IBM SPSS Software-20. The Duncan Multiple Range Test (DMRT) post-hoc analysis was done to test the significant mean differences between the groups with significance levels defined at P <.05 and P <.01  [21]. 

3. RESULTS AND DISCUSSION 
3.1 Jejunal histomorphology  
The histomorphology of the jejunum on Villus Height (VH), Villus Width (VW), Crypt Depth (CD), Villus Height to Crypt Depth ratio (VH: CD) and Goblet cell count are depicted in Table 1. The jejunal VH, VW, and surface area of villi did not differ significantly among different groups. However, numerically higher VH was recorded in groups NC1+BM and NC2+BM than in other groups. Significantly (P < .05) lower jejunal CD and goblet cell count, and higher VH: CD ratio were recorded in groups NC1+BM and NC2+BM  than in other groups.
Table 1. Jejunal histomorphology of broilers fed with or without β-mannanase in low-energy broiler diet  
	Treatments
	VH
(µm)
	VW
(µm)
	CD
(µm)
	VH:CD ratio
	Goblet cell count 
(No per 100 x 100 µm area)

	PC
	1285.00
±21.73
	225.67
±10.93
	265.67b
±14.17
	4.86a
±0.21
	72.00b
±2.80

	NC1
	1121.67
±114.20
	194.00
±5.29
	277.00b
±21.55
	4.13a
±0.65
	74.00b
±6.56

	NC2
	1245.67
±227.86
	185.67
±10.48
	248.67b
±42.69
	5.56a
±1.59
	66.00b
±4.73

	NC1+BM
	1447.33
±45.70
	202.33
±9.28
	154.33a
±13.13
	9.58b
±1.19
	43.33a
±6.49

	NC2+BM
	1461.33
±48.70
	189.00
±10.54
	153.33a
±21.18
	10.06b
±1.93
	36.33a
±4.81

	SEm
	56.29
	5.26
	17.37
	0.82
	4.59

	P-value
	0.283
	0.084
	0.010
	0.021
	0.001


Means bearing different superscripts within the column differs significantly (P < .05); Villus Height (VH), Villus Width (VW), Crypt Depth (CD), Villus Height to Crypt Depth ratio (VH: CD)
[bookmark: _Hlk193036381]Numerically higher VH, significantly (P < .05) lower CD, and significantly (P < .05) higher VH: CD ratio and significantly (P < .05) lower goblet cell count in the jejunum segment of the small intestine of broilers fed with β-mannanase in NC1 + Enzyme and NC2 + Enzyme groups than the PC and both the negative controls (NC1 and NC2) indicated that the supplementation of β-mannanase in low-energy diet (75-100 kcal less ME/kg) improved gut health of broilers. A significant (P < .05) decrease in goblet cell count in Jejunal villi of the small intestine in β-mannanase supplemented groups indicated that the β-mannanase alleviates the negative effects of mannans containing diets that might help in reducing intestinal viscosity confirmed by the higher nutrient retention and utilization as observed by improved growth in broilers. The results confirmed that the supplementation of β-mannanase in low-energy broiler diets helps to improve gut health. 
NSP has a high water holding capacity resulting in increased viscosity, thus increased water consumption, excreta moisture, poor litter quality, and thus nutrient loss (2, 22, 23]. Soluble β-mannans are type of NSP [24] that bind large quantities of water from digesta and increases digesta viscosity as it moves from the proximal to the distal part of the small intestine [25]. Adibmoradi and Mehri [26] observed that β-mannanase supplementation increased villus height, crypt depth, and reduced goblet cell count, epithelial thickness, and crypt depth: villus height ratio. Dietary β-Mannanase supplementation has been reported to decrease MUCIN 2 (MUC2) gene expression in the intestine [16] that causes viscosity. Mehri et al. [27] found that β-Mannanase supplementation significantly reduced goblet cell count (P < .01), crypt depth (P < .01). Imran et al. [28] reported that β-mannanase supplementation increased duodenal villus height and improved nutrient absorption. Hosseindoust et al. [29] suggested that increasing β-mannanase levels linearly improved villus height. Karimi and Zhandi [30] investigated β-mannanase supplementation significantly increased jejunal villus height and crypt depth, particularly in low-energy diets. Scapini et al. [31] where β-mannanase supplementation led to a lower crypt depth (P < .05) and improved villus-to-crypt ratio. Yaqoob et al. [32] reported that β-mannanase significantly increased jejunal villus height and VH:CD ratio. In recent study Nusairat et al. [4] found that β-mannanase supplementation at 300 and 450 g/ton significantly enhanced villus height, reduced crypt depth, and improved overall gut morphology in broilers. The inclusion of an enzyme that improves feed efficiency in broilers may be primarily associated with the enhancement of energy metabolism by alleviating intestinal viscosity, lesion scoring, and improving gut health [4]. 

Zhang et al. [14] demonstrated that β-mannanase at 100 g/ton in a low-energy diet significantly improved villus height, and reduced crypt depth. These earlier findings were in agreement with the present findings that β-mannanase supplementation in broiler diet alleviates the negative effects of mannans in the diet and improves the gut villi morphology. 
3.2 Relative immune organ weight  
The relative weights (Table 2) of immune organs like the spleen, bursa of fabricius and thymus were recorded on the 35th day age in broilers. The weight of the spleen was significantly (P < .05)lower for groups NC1 and NC2. The spleen weight was significantly (P < .05)higher in groups NC1 + BM and NC2 + BM  than in NC1 and NC2 groups. The weight of bursa of fabricius was significantly (P < .05) lower for groups  PC, NC1 and NC2 . The weight bursa of Fabricius was significantly (P < .05) higher in groups NC1 + BM and NC2 + BM  than in others. The thymus weight was comparable for groups PC and NC1, while significantly (P < .01) lower in group NC2 and significantly (P <.01) higher in groups NC1 + BM and NC2 + BM. 
Table 2. Relative immune organ weights (%) at 35th day age fed with or without β mannanase in low-energy broiler diet   
	Treatments
	Spleen 
	Bursa of Fabricius 
	Thymus 

	PC
	0.12b±0.002
	0.14a±0.003
	0.12ab±0.006

	NC1
	0.11a±0.006
	0.14a±0.006
	0.12ab±0.004

	NC2
	0.12ab±0.002
	0.14a±0.005
	0.11a±0.001

	NC1+BM
	0.13b±0.004
	0.16b±0.002
	0.14b±0.005

	NC2+BM
	0.13b±0.002
	0.15ab±0.004
	0.14b±0.004

	SEm
	0.002
	0.003
	0.003

	P-value
	0.015*
	0.032*
	0.002**


Means bearing different superscripts within the column differs significantly (P < .05*, P < .01**)

[bookmark: _Hlk192882590]	Supplementation of 100g/ton β-mannanase in a broiler diet having 75 kcal less ME/kg (NC1+BM) caused significant improvement in the spleen (P < .05), bursa of fabricius (P < .05), and thymus (P < .01) weights. Further supplementation of the same dose of β-mannanase in a 100 kcal less ME/kg diet (NC2 + BM) caused significant improvement in spleen and thymus weights. This indicated that supplementation of β-mannanase in a low-energy diet (NC1 + BM and NC2 + BM) significantly helps to improve the weights of immune organs like the spleen, bursa of fabricius, and thymus.  
The findings regarding immune organ weights match with earlier studies. Zou et al. [33] reported a significant increase in relative thymus weight (P < .05) at 250, 500, and 750 g/ton of β-mannanase, with the highest improvement seen at 500 g/ton of β-mannanase supplementation. Oliyar et al. [34] found that β-mannanase at 500g/ton maintained the structural integrity of the cloacal bursa and spleen throughout the rearing period of 42 days, which supports the observed improvements in bursa and spleen weights. Overall, the results are similar to those of Zou et al. [33] and Oliyar et al. [34] which leads to the conclusion that β-mannanase enhances immune organ development even after the broilers fed with low-energy diets.
3.3 Jejunal microbial count 
The Lactobacillus, E. coli, and TVC of jejunal content of broilers estimated at 35th day age is depicted in Table 3. The Lactobacillus count was significantly higher (P < .01) in groups NC1 + BM and NC2+BM than in other groups. The E. coli count was significantly (P < .01) decreased in groups NC1 + BM and NC2+BM than in other groups. The total viable count was significantly (P < .05)higher in groups NC1 + BM and NC2+BM than in other groupsfollowed by PC, NC1, and NC2. 
Table 3. Lactobacillus, E. coli, and Total Viable Count of jejunal content  (35th day) of broilers fed with or without β mannanase in low-energy diet.   
	Treatment
	Lactobacillus count 
(Log10 cfu/g)
	E coli count
(Log10 cfu/g)
	Total Viable Count 
(Log10 cfu/g)

	PC
	6.41a±0.05
	5.31b±0.03
	7.15a±0.03

	NC1
	6.35a±0.02
	5.25b±0.04
	7.15a±0.01

	NC2
	6.29a±0.01
	5.25b±0.02
	7.13a±0.01

	NC1+BM
	6.75b±0.03
	5.12a±0.01
	7.26b±0.03

	NC2+BM
	6.62b±0.04
	5.08a±0.02
	7.24b±0.03

	SEm
	0.05
	0.03
	0.02

	P-value
	0.000**
	0.001**
	0.011*


Means bearing different superscripts within the column differ significantly (P < .05*, P < .01**)

[bookmark: _Hlk192883287]Lactobacillus count of jejunal content was significantly (P < .01) lower and E. coli count was significantly (P < .01) increased in positive and negative controls (PC, NC1 and NC2) while addition of β-mannanase (100g/ton) in low-energy diets (NC1 + BM and NC2 + BM) significantly (P < .01) improved Lactobacillus count and decreased (P < .01) E. coli count. This indicated that the β-mannanase significantly (P < .01) helps to improve Lactobacillus count and decrease the E. coli count of jejunal content of broilers fed with low energy diets. The addition of β-mannanase (100g/ton) in low-energy diets (NC1 + BM and NC2 + BM) significantly (P < .05)improved the total viable count of jejunal content which might be due to a significant increase in Lactobacillus count. 
The β-mannans in feed disrupt the intestinal microbiome [11]. The β-mannanase addition to feed can degrade mannan and release mannan-oligosaccharides (MOS). Mannanase exerts a prebiotic effect of MOS that maintains the gut microbiota by promoting beneficial bacteria and inhibiting harmful bacteria [10, 13]. The present findings were similar to those of Kipper et al. [35], who reported an increase in Lactobacillus count and a decrease in the E. coli count in the jejunum of broilers supplemented with 500 g/ton and 1000 g/ton of β-mannanase. Supplementing the corn-SBM diets with β-mannanase resulted in preparing a suitable environment for the growth of Lactobacillus while reducing the activity of E. coli and improving the digestibility of valine, methionine, and leucine [9, 14, 36]. Mohammadigheisar et al. [36] demonstrated that β-mannanase supplementation at 500 g/ton (0.05%) significantly increased Lactobacillus and reduced E. coli count. Additionally, Zhang et al. [14] found that β-mannanase at 100 g/ton added in a low-energy diet (50 kcal less ME/kg) significantly increased jejunal Lactobacillus populations, particularly Lactobacillus-KC45b and Lactobacillus johnsonii which were associated with better gut health. The higher total viable count in the current study in β-mannanase-supplemented groups (NC1+BM and NC2+BM) might be due to the enhanced growth of beneficial bacteria, mainly Lactobacillus. All these improvements in gut health might lead to better nutrient digestibility, feed efficiency, and overall performance in broilers fed with low-energy diets with β-mannanase supplementation.

4. CONCLUSIONS 
It can be concluded that the supplementation of β-mannanase @ 100g/ton in low-energy diets (75 and or 100 kcal/kg less ME) alleviates negative effects of dietary mannans and beneficially improves gut health and immunity in broilers. 
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