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Background: Wheat bran (WB) and biscuit crumbs (BC) offer alternative feed sources for laying hens, potentially improving productivity and economic efficiency.

Objective: This work evaluated the partial replacement of maize meal with WB or BC, with or without the addition of Bacillus amyloliquefaciens CECT 5940, on the productive and economic performance of laying hens.

Methods: Five treatments were allocated as follows: T1: a basal diet; T2: a basal diet where 20% of maize meal was replaced by WB; T3: a basal diet that included 20% of WB plus B. amyloliquefaciens CECT 5940; T4: a basal diet where 20% of maize meal was replaced by BC; and T5: a basal diet that included 20% of BC plus B. amyloliquefaciens CECT 5940. Productive parameters (live weight, laying rate, feed conversion per egg mass, feed conversion per dozen eggs, feed consumption, and viability) and economic metrics (feed costs, production cost per egg, production cost per dozen eggs, gross revenue, gross added value, profitability index, contribution margins, and break-even point) were assessed using ANOVA and the Tukey test.

Main findings: A statistically significant (p < 0.05) increase was observed in the LR and FC/dz when maize meal was partially replaced with BC. While the addition of B. amyloliquefaciens CECT 5940 to WB significantly improved LR and FC/dz when compared to T2 (p < 0.05), no significant difference was seen for BC (p > 0.05). As for the economic evaluation, both T2 and T3 significantly reduced production costs (p < 0.05). Compared to T1, the partial replacement of maize meal with WB significantly reduced (p < 0.05) gross revenue. The addition of B. amyloliquefaciens CECT 5940 significantly increased (p < 0.05) gross value added, profitability index, and contribution margins, and significantly reduced the break-even point (p < 0.05) in comparison with T1 for WB and BC both with (T3 and T5) and without B. amyloliquefaciens CECT 5940 (T2 and T4).

Conclusion: It was concluded that the addition of B. amyloliquefaciens CECT 5940 to both WB and BC diets was as efficient as the basal diet in terms of productivity and improved economic performance.
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1 Introduction

The global population continues to grow, leading to an increasing demand for food, especially protein sources. This intensifies competition between humans and livestock, particularly poultry, for staple grains such as maize, which are essential components in both human and animal diets. Poultry, due to its feed efficiency and lower environmental impact compared to other livestock, is increasingly recognized as a key protein source. However, the growing demand for poultry meat further elevates pressure on maize supplies, creating economic and sustainability challenges in feed formulation (1, 2). To address these challenges, there is a growing interest in identifying cost-effective, locally available alternatives to maize that can sustain or enhance poultry performance. The sole aim of replacing maize in poultry diets is to reduce feed costs and alleviate competition with human food chains particularly in resource-constrained settings without compromising animal productivity. Among the alternatives, wheat bran (WB) and biscuit crumbs (BC), both agro-industrial by-products, present promising options for sustainable and economical feed formulation (2, 3).

WB, with an annual global production of around 150 million tons, is a major milling industry by-product rich in protein, starch, lipids, minerals, and minor components such as organic acids and phenolic compounds (2). Although cheaper than maize, WB’s application in monogastric feed is limited by its high fiber and low energy content. However, its nutritional limitations can be addressed through dietary supplementation with probiotics like Bacillus amyloliquefaciens CECT 5940, which improve nutrient digestibility and gut health. Similarly, BC derived from surplus or broken biscuits is rich in digestible carbohydrates and energy, and contains moderate amounts of protein (8–10%), fats, and sugars. It is palatable, enhances feed intake, and supports circular economy practices by reducing food waste (4). Prior research has shown that partial replacement of maize with WB or BC can maintain or improve productivity indicators. For instance, Ahmad et al. (3) found that the partial replacement of maize with WB in layer diets led to comparable egg production rates and improved feed conversion ratios. In another study, the inclusion of BC in broiler diets was shown to enhance weight gain and feed efficiency (5). However, the use of such alternative feedstuffs often presents nutritional limitations such as the high fiber content of WB and the relatively low protein content of BC which can impair nutrient absorption and overall performance. To overcome these drawbacks, dietary supplementation with probiotics has gained attention. Previous studies have shown that including probiotics, can enhance nutrient utilization and offset the anti-nutritional effects of unconventional feed ingredients. For instance, Zang et al. (43) and Azzam et al. (6) demonstrated that supplementing high-fiber or low-quality diets with B. amyloliquefaciens improved growth performance, gut morphology, and nutrient digestibility in poultry. Similarly, Teng et al. (7) and Abou-Elkhair et al. (44) reported enhanced performance and gut health in layers fed non-conventional diets with added probiotics. These findings justify the inclusion of B. amyloliquefaciens in this study, particularly in diets incorporating WB or BC.

Bacillus amyloliquefaciens CECT 5940 is a well-documented probiotic strain that produces enzymes such as cellulase, proteases, α-amylases and bacteriocins such as barnase and subtilin that enhance nutrient absorption and suppress harmful gut microbes (8, 9). Several studies have demonstrated its benefits in improving digestive health and performance in poultry (6, 10, 43). However, most of these findings stem from laboratory settings and often do not assess economic implications or field-level performance. Given the rising costs of conventional feed ingredients, the economic benefits of incorporating WB and BC particularly in combination with probiotics merit further investigation. Both ingredients are generally more affordable and accessible than maize, especially in regions with milling and biscuit production industries, potentially offering smallholder farmers a practical means of reducing production costs and improving profitability (11).

While prior studies have assessed the nutritional effects of WB and BC, there remains a gap in understanding their combined use with probiotics like B. amyloliquefaciens in real-world laying hen operations. This study aims to fill that gap by evaluating whether partially replacing maize meal with WB or BC, with or without the addition of B. amyloliquefaciens CECT 5940, can sustain or improve laying performance and reduce feed costs under field conditions. We hypothesized that these dietary strategies would enhance egg production, feed conversion efficiency, and economic performance, thereby offering a sustainable and cost-effective alternative to conventional maize-based diets.



2 Materials and methods


2.1 Ethics statement

This study was conducted following the ethics of animal experimentation recommendations of the National Research Council of Mozambique. The research protocol was reviewed and approved by the Institutional Animal Care and Use Committee of Eduardo Mondlane University, Mozambique (Record no. IACUC-EMU-10/2023). All procedures followed ethical standards, prioritizing animal welfare during the study. This included provisions for proper housing, feeding, and monitoring for health issues.



2.2 Animals and experiment location

The experiment lasted for 45 days and involved 400 Lohman Brown hens that had been actively laying eggs for a period of 30 weeks, specifically from July to September 2023, prior to the start of the study. During the study period, ambient temperatures in Marracuene ranged from approximately 15°C to 25°C, which falls within the thermoneutral zone for laying hens and is considered suitable for optimal performance. The hens were kept in a battery cage system, which included a deep pit for housing with access to natural ventilation. Illuminated by a combination of artificial and natural light sources, the study was conducted at the animal farm operated by InterMed Mozambique Lda, located in Marracuene. The district of Marracuene is located 30 km north of Maputo and is part of the Maputo Province in Mozambique. It is situated at latitude of approximately 25.8976° S and 32.6744° E, with an elevation of about 26 meters (85 feet) above sea level. The predominant climate in Marracuene is tropical savanna, influenced by its proximity to the sea conducive for poultry farming. Temperatures are warm, averaging above 20°C, with an annual temperature variation of less than 10°C. Relative humidity varies from 55 to 75%, and rainfall is moderate, with an average annual total ranging from 500 mm inland to 1,000 mm along the coast. The rainy season occurs from October to April, with 60 to 80% of the precipitation concentrated in the months of December to February (45).



2.3 Experimental design

In a fully randomized study design, 400 laying hens were categorized into five groups, with 4 replicates per treatment, and 20 birds per replicate, totaling 80 birds per treatment group. This randomization was performed to avoid bias, ensuring that each hen had an equal chance of being assigned to any treatment group ensuring equal representation in terms of initial weight and egg production. The hens were randomly allocated to one of the following five treatments. T1: a basal diet; T2: a basal diet where 20% of maize meal was replaced by WB at a rate of 20%; T3: a basal diet that included 20% of WB plus B. amyloliquefaciens CECT 5940; T4: a basal diet where 20% of maize meal was replaced by BC; and T5: a basal diet that included 20% of BC plus B. amyloliquefaciens CECT 5940 (Evonik, Essen, Germany) at a concentration of 2 × 109 cfu/g and substituted with maize meal. The nutrient content of diets was calculated using standard feed formulation software based on tabulated nutrient values for each ingredient (Table 1). No laboratory proximate analysis was performed. The basal diet, WB, and BC were sourced from the local market.


TABLE 1 Proportions of feed ingredients in the experimental diets.


	Ingredients
	Calculated composition



	T1
	T2
	T3
	T4
	T5



	(Kg)

 

 	Maize meal 	75.00 	60.00 	60.00 	60.00 	60.00


 	Soya bean meal 	12.20 	12.20 	12.20 	12.20 	12.20


 	Wheat bran 	5.00 	20.00 	20.00 	5.00 	5.00


 	Biscuits crumbs 	0.00 	0.00 	0.00 	15.00 	15.00


 	Cottonseed cake meal 	4.45 	4.45 	3.65 	4.45 	3.65


 	B. amyloliquefaciens CECT 5940 	0.00 	0.00 	0.80 	0.00 	0.80


 	Trace mineral premix
1
 	3.00 	3.00 	3.00 	3.00 	3.00


 	Vitamin premix
2
 	0.10 	0.10 	0.10 	0.10 	0.10


 	Dicalcium phosphate 	0.25 	0.25 	0.25 	0.25 	0.25


 	Total 	100 	100 	100 	100 	100


 	Calculated composition


 	Energy (kcal/kg) 	3,265.02 	3,284.13 	3,265.02 	3,213.74 	3,214.71


 	Protein 	14.60 	14.50 	14.50 	12.57 	13.40


 	Fiber 	3.19 	2.95 	2.89 	2.49 	2.57


 	Ether extract 	3.32 	3.26 	3.23 	3.08 	2.68


 	Lysine 	2.59 	2.62 	2.61 	2.28 	1.82


 	Methionine 	1.86 	1.81 	1.81 	1.64 	1.26


 	Calcium 	4.00 	4.04 	4.04 	0.13 	0.06


 	Phosphorus 	0.40 	0.70 	0.70 	0.41 	0.25





1 Trace mineral premix provided the following per kilogram of diet: Mn, 80 mg; Fe, 60 mg; Zn, 60 mg; Cu, 5 mg; Co, 0.2 mg; I, 1 mg; Se, 0.15 mg; Ca, 446.9 mg.

2 Vitamin premix provided the following per kilogram of diet: vitamin A 12,000 IU; cholecalciferol, 2000 IU; vitamin E, 35 IU; vitamin k3, 5 mg; thiamin, 3 mg; riboflavin, 6 mg; niacin, 20 mg; Ca-d-pantothenate, 6 mg; pyridoxine, 5 mg; vitamin B12, 15ug, folacin, 0.75 mg, D-biotin, 45 ug, choline chloride, 125 mg; vitamin C, 50 g.
 

Hens were housed in a battery cage system, with each replicate consisting of five adjacent cages, each containing 4 birds. This allowed for efficient individual feed intake monitoring and egg collection, while maintaining uniform management across all replicates. They had unrestricted access to water, while each hen was provided with 120 g. of feed per day. The leftover feed was weighed to determine daily feed consumption. All groups were treated equally during the entire experiment.

At the beginning of the study, initial body weights and egg production ratios were documented for all experimental hens, and this data was updated weekly. Daily records were kept for egg production, instances of soft eggshells, egg weights, and any mortality events. Additionally, weekly feed consumption was tracked. The weekly calculations included feed intake, egg production ratios, soft eggshell production ratios, feed conversion efficiencies per egg mass and per dozen eggs, as well as mortality rates (12).



2.4 Economic analysis

The economic performance of each dietary treatment was assessed using key profitability indicators, based on feed ingredient costs, egg production, and prevailing market prices. The analysis followed a modified approach adapted from Egbetokun et al. (13) and Andriani et al. (14). Feed cost per kilogram ($/kg) was calculated by dividing the total cost of ingredients by the total weight of each diet, while feed cost per hen was determined by multiplying the feed consumed per replicate by the feed cost per kilogram. Production cost per egg was computed as the total feed cost per replicate divided by the number of eggs produced, and cost per dozen eggs was based on the feed required to produce 12 eggs. Gross revenue was calculated by multiplying the total number of eggs produced by the market price per egg, and gross value added was obtained by subtracting total feed costs from gross revenue. The profitability index (%) was the ratio of gross value added to gross revenue, indicating the share of revenue retained after feed costs. Contribution margin ($ and %) reflected the income available to cover fixed costs and profit, while the break-even point represented the revenue required to fully cover feed costs. All monetary values were expressed in US dollars (USD), using local ingredient and egg prices from July to September 2023. These calculations enabled a comparative assessment of the cost-effectiveness and economic viability of each diet under practical production conditions.



2.5 Statistical analysis

The data obtained were analyzed using a one-way analysis of variance through SPSS software version 25 (IBM Corp., NY, USA). The Shapiro–Wilk test was used to check for normality, while Levene’s test assessed the equality of variances among groups. After conducting ANOVA, Tukey’s Honestly Significant Difference (HSD) test was applied to make pairwise comparisons between treatment means at a significance level of 5%.




3 Results


3.1 Impact of incorporating Bacillus amyloliquefaciens CECT 5940 into wheat bran and biscuits crumbs based-diets on the productivity of laying hens

The effects of partially replacing maize meal with wheat bran (WB) or biscuit crumbs (BC), with or without B. amyloliquefaciens CECT 5940, are presented in Table 2. No significant differences (p > 0.05) were observed among treatments for initial or final live weight, weight gain, feed consumption, or viability.


TABLE 2 Effect of partial replacement of corn with or without addition of B. amyloliquefaciens CECT 5940 on laying hen productive performance.


	Parameters
	T1
	T2
	T3
	T4
	T5
	p-value

 

 	Initial Live Weight (g) 	1,310 ± 0.02 a 	1,407 ± 0.02 a 	1,582 ± 0.03 a 	1,501 ± 0.02 a 	1,692 ± 0.02 a 	0.083


 	Final Live Weight (g) 	1,473 ± 0.02 a 	1,563 ± 0.01 a 	1,742 ± 0.02 a 	1,654 ± 0.01 a 	1,845 ± 0.01 a 	0.076


 	Weight Gain (g) 	163 ± 1.11 a 	156 ± 2.44 a 	160 ± 1.83 a 	153 ± 1.81 a 	153 ± 1.81 a 	0.872


 	FC (kg) 	5.10 ± 0.05a 	5.13 ± 0.06a 	5.13 ± 0.06 a 	5.12 ± 0.05 a 	5.12 ± 0.05 a 	0.899


 	LR (%) 	66.66 ± 12.93a 	49.78 ± 12.65b 	70.66 ± 7.79a 	73.78 ± 3.56a 	73.11 ± 10.04a 	0.041


 	EM 	0.27 ± 0.09a 	0.21 ± 0.04a 	0.32 ± 0.05ab 	0.37 ± 0.08b 	0.35 ± 0.06b 	0.046


 	FC/EM (kg) 	2.10 ± 1.12a 	2.36 ± 0.44a 	1.51 ± 0.24b 	1.34 ± 0.29b 	1.40 ± 0.26b 	0.021


 	FC/dz (kg) 	1.12 ± 0.25a 	1.52 ± 0.37b 	1.02 ± 0.10a 	0.98 ± 0.04 a 	1.00 ± 0.16 a 	0.033


 	Vb (%) 	100 	100 	100 	100 	100 	-





Mean ± S. E. M. Different letters within the same row (a, b) represent statistical differences among treatments within the same parameter (p ≤ 0.05). LW, Live weight of the layers; FC, Feed consumption; LR, Laying rate; EM, Egg mass; FC/EM, Feed conversion per egg mass; FC/dz, Feed conversion per dozen; Vb, Viability of the layers. T1: Commercial feed; T2: inclusion of 20% WB, T3 inclusion of 20% WB with probiotic B. amyloliquefaciens CECT 5940; T4: inclusion of 20% BC, T5 inclusion of 20% BC with probiotic B. amyloliquefaciens CECT 5940.
 

Laying rate (LR) was significantly reduced (p < 0.05) in the 20% WB group (T2: 49.78 ± 12.65%) compared to the control (T1: 66.66 ± 12.93%). However, supplementing WB with B. amyloliquefaciens (T3) improved LR (70.66 ± 7.79%) to levels statistically similar to T1.

BC diets (T4 and T5) significantly increased egg mass compared to T2 (p < 0.05), but were statistically similar to T1. Feed conversion per egg mass (FC/EM) and per dozen eggs (FC/dz) were also significantly improved in T3, T4, and T5 compared to T2 (p < 0.05) (Table 2).



3.2 Cost–benefit analysis resulting from the incorporation of Bacillus amyloliquefaciens into WB and BC-based diets for laying hens

Replacing maize meal with 20% WB (T2) and BC (T4) significantly decreased feed production costs per kilogram to $0.33, compared to $0.55 in the basal diet (T1) (p < 0.05). Treatments with B. amyloliquefaciens addition (T3 and T5) also maintained this reduced feed cost, indicating that probiotic inclusion did not increase feed expenses (Table 3).


TABLE 3 Effect of partial substitution of maize with WB or BC, without or with B. amyloliquefaciens CECT 5940 on production cost parameters.


	Parameters
	T1
	T2
	T3
	T4
	T5
	p values

 

 	Cost of producing feed ($/kg) 	


0.55
±


0.02

a



 	


0.33
±


0.03

b



 	


0.33
±


0.03

b



 	0.33

±
0.03

b 	0.33

±
0.03

b 	0.001


 	Cost of feed ($) 	


5.99
±


0.05

a



 	


3.55
±


0.13

b



 	


3.60
±


0.04

b



 	3.60

±
0.04

b 	3.74

±
0.13

b 	0.003


 	Cost of egg production ($) 	


0.05
±


0.01

a



 	


0.04
±


0.01


a
b




 	


0.04
±


0.01


a
b




 	0.03

±
0

.00b 	0.03
±
0.00b 	0.005


 	Cost of egg production/ Dz ($) 	


0.61
±


0.14

a



 	


0.50
±


0.12

a



 	


0.42
±


0.13


a
b




 	0.33

±
0

.02b 	0.35

±
0.06

b 	0.004





Means ± S. E. M. Different letters within the same row (a-c) represent statistical differences among treatments within the same parameter (p ≤ 0.05), T1: Commercial feed; T2: inclusion of 20% WB, T3 inclusion of 20% WB with probiotic B. amyloliquefaciens CECT 5940, T4: inclusion of 20% BC, T5 inclusion of 20% BC with probiotic B. amyloliquefaciens CECT 5940, $, United States Dollar.
 

The reduction in overall feed costs translated to decreased production costs per egg: $0.04 for T2 and T3 (WB diets) and $0.03 for T4 and T5 (BC diets), compared to $0.05 in T1 (p < 0.05). Similarly, the cost of production per dozen eggs was reduced across treatments, with T4 achieving the lowest at $0.33, versus $0.61 in the basal diet (p < 0.05).

While feed costs decreased, no significant differences were observed in total egg mass or feed conversion per egg mass between BC diets and T1 (p > 0.05). However, laying rate and FC/dz improved significantly with BC diets (p < 0.05). The addition of B. amyloliquefaciens did not significantly alter production costs compared to non-probiotic diets.



3.3 Profitability analysis resulting from the incorporation of Bacillus amyloliquefaciens into WB and BC-based diets for laying hens

Economic profitability metrics derived from Table 4 reveal that replacing maize with WB (T2) lowered gross revenue ($6.95) compared to T1, whereas probiotic addition (T3) increased gross revenue to $9.92. BC diets (T4 and T5) generated higher gross revenues ($10.39 and $10.12, respectively).


TABLE 4 Effect of partial substitution of maize with WB or BC, without or with B. amyloliquefaciens (T3) on profitability parameters.


	Trat.
	Gross revenue ($)
1

	Gross value added ($)
2

	Profitability index (%)
3

	Contribution margin ($)
4

	Contribution margin (%)
5

	Break-even point ($)
6


 

 	T1 	9.39
±
1.82a 	3.47
±
1.82a 	34.73
±
14.80a 	0.67
±
0.07a 	67.36
±
 7.40a 	8.88
±
1.10a


 	T2 	6.95
±
1.85b 	3.40
±
1.85a 	45.9
±
14.23ab 	0.73
±
0.06a 	73.34
±
6.64a 	4.87
±
0.45b


 	T3 	9.92
±
1.12a 	6.24
±
1.12b 	62.52
±
3.69b 	0.81
±
0.02b 	81.32
±
1.81b 	4.53
±
0.10b


 	T4 	10.39
±
0.50a 	6.79
±
0.50b 	65.25
±
1.71b 	0.82
±
0.08b 	82.62
±
0.85b 	4.36
±
2.90b


 	T5 	9.92
±
1.62a 	6.18
±
1.62b 	61.32
±
7.63b 	0.82
±
0.03b 	81.51
±
3.05b 	4.59
±
0.18b


 	p values 	0.000 	0.000 	0.000 	0.000 	0.000 	0.000





Means ± S. E. M. Different letters within the same column (a, b) represent statistical differences among treatments within the same parameter (p < 0.05). T1: Commercial feed; T2: inclusion of 20% WB, T3: inclusion of 20% WB with probiotic B. amyloliquefaciens CECT 5940, T4: inclusion of 20% BC, T5 inclusion of 20% BC with probiotic B. amyloliquefaciens CECT 5940, $, United States Dollar.

1 Gross revenue = Total eggs × price per egg.

2 Gross value added = Gross revenue − feed cost.

3 Profitability index = (Gross value added ÷ Gross revenue) × 100.

4 Contribution margin = Revenue − variable cost.

5 Contribution margin = Revenue − variable cost.

6 Break-even point = Feed cost ÷ price per egg.
 

Gross value added (GVA) remained similar between T1 and T2 but increased significantly in probiotic and BC diets (p < 0.05). The profitability index was significantly higher in all treatments with partial maize replacement, with T4 and T5 achieving 65.25 and 61.32%, respectively, compared to 34.73% in T1 (p < 0.05).

The break-even point was lowest in T4 ($4.36), indicating greater economic resilience, followed by T2 ($4.87). These findings suggest that BC diets, especially with probiotic supplementation, enhance profitability and economic sustainability of production.




4 Discussion

The use of alternative feed sources for laying hens offers a promising approach to alleviating the high dependence on imported ingredients and environmental pressures linked to the current climate change issues, especially for low-income countries in the tropics such as Mozambique (11). Therefore, one of the aim of our study was to evaluate the effects of partial replacement of maize meal by WB or BC with the addition of probiotic B. amyloliquefaciens CECT 5940 on the average laying hen live weight (LW), egg-laying rate (LR), egg mass (EM), feed conversion per dozen eggs (FC/dz), and laying hen viability (Vb). Notably, combinations of alternative ingredients with the addition of probiotics have been studied on poultry nutrition and are well known individually but their effects combined especially on laying hens are still a novelty (9).

The present study explored the impact of partially replacing maize meal in the diets of laying hens with alternative ingredients, specifically wheat bran (WB) and biscuit crumbs (BC), and examined the efficacy of including the probiotic Bacillus amyloliquefaciens CECT 5940. It aimed to evaluate not only the productive outcomes but also the economic feasibility of these dietary changes.

Our study revealed that replacing maize meal using a combination of 20% of WB and B. amyloliquefaciens CECT 5940 added at 2 × 109 cfu/g to the diet did not adversely affect laying hens’ performance. Due to the similar responses in egg production, feed efficiency and egg quality, these findings suggest that replacement of laying hen diets up to 20% is within the estimated range if diets are adjusted for minerals and vitamins.

In our study, the inclusion of WB at 20% did not significantly modify live weight, feed consumption, or viability, but it correlated with a decline in laying rate (LR) and feed conversion per dozen eggs. These results align with findings from Kamal et al. (15), who suggested that high fiber content in WB might limit energy density, impacting egg production. Interestingly, the addition of B. amyloliquefaciens added at 2 × 109 cfu/g in the WB diet (T3) ameliorated these metrics, restoring them to levels comparable with the control diet (T1). This reinforces the idea that probiotics can enhance gut health and nutrient absorption, potentially offsetting the negative impacts associated with high fiber diets (46). Moreover, Balasubramanian et al. (47), suggested that probiotics in the diets can produce enzymes such as proteases, lipases, and amylases. In addition, Bai et al. (16), Gadde et al. (17), Oh et al. (18) and Qiu et al. (48), referred that Bacillus spp. increases the antioxidant capacity under various stress conditions and increases immunity. This could be the reasons why no negative effects were seen with the replacement of maize in the diet especially regarding layers viability, which is very important parameter when testing feed alternatives.

Conversely, the replacement of maize meal with BC (T4) demonstrated notable improvements. The 20% BC treatment (T4) enhanced LR and feed conversion significantly in comparison to WB diet (T2), verifying previous research by Kholif et al. (19), which posits that BC’s digestibility and nutrient profile provide a superior energy source in poultry diets compared to traditional grains. Moreover, the combination of BC with B. amyloliquefaciens (T5) further supported productive performance, indicating a synergistic effect that warrants further investigation.

According to our findings, the laying hens surprisingly experienced an increase in live weight (LW). Zhang et al. (20) stated that WB is a moderate source of insoluble dietary fiber, which has shown to be beneficial to nutrient utilization by improving the physiology of the gastrointestinal tract. These authors also indicated that supplementation with WB enhanced nutrient digestibility by improving antioxidant status, gizzard development, intestinal digestive enzyme activities and morphology in broilers. This could explain the increase in the LW in this study. On the other hand, a decline on egg-laying rate, egg mass and feed conversion per dozen eggs was observed when the basal diet was partly replaced with WB diet without the probiotic B. amyloliquefaciens CECT 5940; however, when the probiotic was added, the performance ameliorated in all these parameters. There was a significant effect on laying rate and feed conversion when B. amyloliquefaciens CECT 5940 was added compared to WB without the probiotic. This enhancement in laying performance could be attributed to the probiotic’s role in promoting gut health, which may lead to better nutrient absorption and overall hen productivity.

These findings align with previous studies indicating that probiotics can enhance the performance of poultry by improving gut morphology and nutrient digestibility (21). While the feed conversion efficiency showed variability among treatments, the positive trend observed when B. amyloliquefaciens was included suggests that probiotics can serve as a valuable dietary additive to optimize the performance of laying hens fed high-fiber diets, such as those containing WB. Studies by Forte et al. (22), Guo et al. (23) and Wang et al. (24) have shown that adding different types and doses of Bacillus to the diets can increase feed intake and laying performance. Zhang et al. (25) and (26) also found that average daily gain was improved by the supplementation of Bacillus-based probiotics dietary as compared to those of the controls (27). Similar results were described by Amerah (28) who found that dietary supplementation with B. subtilis at 1.5 × 108 cfu/kg in diets could improve the feed conversion ratio by reducing the feed intake. However, when compared the feed conversion between basal diet and partial replacement of maize meal with WB supplemented with B. amyloliquefaciens CECT 5940 no significant effect was seen. Mountzouris et al. (29), Lee et al. (30) and Cufadar et al. (31) reported that dietary probiotics had minimal or no effects on the growth performance (29, 30). Lee et al. (30) and Zhang et al. (25) refer that the results can differ depending on the strains of probiotics, administration dosage, methods of preparation, bird age, diet composition, and hygiene status. Still regarding laying rates, the probiotic addition to WB diet (T3) showed a significant effect when compared to T2, as the laying rate experienced a rise. However, no statistically significant difference was seen in comparison with the basal diet (T1), meaning that replacing maize meal with WB up to 20% with B. amyloliquefaciens CECT 5940 added has no harmful effects on eggs laying. Agreeing with our results, Castañeda et al. (32) and Oketch et al. (33), also found a significant effect on laying rates when hens were fed with a diet containing Bacillus strains probiotics.

Similarly, when substituting maize meal with BC, the partial replacement of maize meal did not significantly impact total egg mass or feed conversion per egg mass. These findings agree with those observed by Olafadehan et al. (49). However, it led to a statistically significant increase in the laying rate and improved feed conversion per dozen eggs. This indicates that BC can be a viable alternative to maize meal in layer hen diets without negatively affecting overall egg production. Feed cost is the most limiting factor in laying egg production systems (34). In order to maximize profits, it is necessary to keep production costs as low as possible. Considering the cost-effectiveness of the WB and B. amyloliquefaciens CECT 5940 supplementation diets at 2 × 109 cfu/g, the economic evaluation data showed promising results for modern laying egg production. The partial replacement of maize meal with WB or BC significantly reduced production costs across various metrics, including feed production costs, egg production costs, and costs per dozen eggs when compared to the basal diet (T1). Notably, WB and BC diets with or without the probiotic reported a substantial decrease in feed costs, reflecting the economic viability of incorporating lower-cost feed ingredients. The profitability index increased for all treatments, indicating a favorable return on investment compared to the control diet (T1). The price of the feed obtained from the accumulated consumption was estimated to be very economical as it represented a reduction in the production cost of the feed per kilo when WB and BC were supplemented with B. amyloliquefaciens CECT 5940.

Considering that WB, although being recognized by its high dietary fiber and phytochemical contents, providing excellent physiological effects for birds, it is a by-product of dry milling of wheat (35). Therefore, it is much cheaper and widely available than whole wheat and maize meal, the main raw materials commonly used to feed layers. Thus, substituting any of these ingredients with WB leads to an instantly cost decrease (36). Similar studies showed significant economic benefits when basal diets were partly replaced by alternative ingredients. An interesting finding is regarding the addition of B. amyloliquefaciens CECT 5940 to WB treatment, which had a significant reduction on cost of egg production/Dz compared to both basal diet (T1) and partial replacement of maize meal without the probiotic (T2). This could be explained as a result of the increase in laying rate (LR) while at the same time the feed conversion/dz (FC/Dz) reduced when the layers were fed with the B. amyloliquefaciens CECT 5940 based diet in T3 (Table 2). This means that when LR increases and FC/Dz decreases the production system is sustainable and therefore is better cost-effective. Similar results were described by Poberezhets and Kupchuk (37) who found that the use of probiotics in the diet of broiler chickens reduced feed costs. Gomes et al. (50) also observed reductions in feed costs for piglets aged 43 to 67 days with the inclusion of rice by-products in the diet. While the cost of egg production per dozen eggs reduced by up to 0.11$ with WB without the probiotic in comparison to the basal diet, adding B. amyloliquefaciens CECT 5940 reduced the cost by 0.07$ compared to the treatment (T2). Rufino et al. (51) stated that with the positive effect obtained from the inclusion of alternative feeds, small producers who do not have the capital to purchase maize meal and concentrates will benefit and will be able to maintain good production.

The economic analysis showcased that incorporation of WB and BC led to notable reductions in feed and egg production costs per kilogram. Previous studies have similarly illustrated the cost-saving potential of fiber-rich feedstuffs in poultry diets (38). However, while WB reduced production costs, the overall performance metrics suggest that BC remains a more economically viable option. The evaluation demonstrated that groups with BC yielded the highest gross revenue ($10.39), outpacing WB treatments. These metrics reflect a highly favorable return on investment and suggest that biscuit crumbs are the most economically viable replacement tested. The profitability index improved substantially in T3, suggesting that the inclusion of probiotics not only enhances production efficiency but also maximizes profitability per dollar invested. This demonstrates the economic relevance of using probiotics to mitigate performance losses in fiber-rich diets. The observed improvements in contribution margins further emphasize the financial benefits of using probiotics in conjunction with alternative feed sources.

Regarding the break-even point analysis which is the total revenue equal to the total cost or the same profit, where the business has not yet made a profit or is equal to zero (39); and contribution margin analysis, which shows the valuation of the product, highlighting the extent to which it is capable of contributing to profits (40), our study shows that overall, the partial substitution of maize meal with or without the addition of B. amyloliquefaciens CECT 5940 has a beneficial effect on the profitability leading to a significant reduction of break-even point. Our results suggest that these dietary strategies could enhance financial sustainability in poultry operations. This is particularly important for small-scale farmers who may face financial constraints and rely on cost-effective alternatives to standard feed ingredients.

The partial replacement of maize meal with WB (T2) showed that there is a significant reduction in gross revenue. This makes sense because when the basal diet (T1) was replaced by WB (T2) the laying rate experienced a decrease (Table 2), and therefore the amount of eggs available which are the final products decreased as well, resulting in reductions in gross revenue. A different trend was seen when the probiotic was added to WB (T3) resulting in an increase in laying rate leading to a significant increase in gross revenue compared to T2. The parameters such as gross added value, profitability index, and contribution margins improved significantly when WB was added B. amyloliquefaciens CECT 5940 compared to the control treatment (T1) whereas the break-even point decreased significantly. These findings mean that production is economically viable and thus the net profit is higher with the addition of B. amyloliquefaciens CECT 5940. This may be due to the significant increase that the probiotic caused in the egg-laying rate and improved feed conversion per dozen eggs, which means that less feed was consumed to produce a dozen eggs. In addition, the 20% substitution of maize for WB contributes to reducing production costs and therefore positively affects the contribution margin and the break-even point.

Furthermore, the partial replacement of maize meal with BC, both without and with B. amyloliquefaciens CECT 5940, led to increases in contribution margin, gross added value, and profitability index, as well as a reduction in the break-even point. These findings indicate that the use of BC can enhance the overall economic viability and profitability of layer hen production.

By aligning the productive and economic outcomes, it becomes clear that BC due to its high digestibility and low cost is a superior alternative to maize meal. WB, while more challenging due to its fiber content, can still be used effectively when supplemented with B. amyloliquefaciens CECT 5940. This synergy enhances both biological and financial performance, as observed in treatment T3. Overall, the findings support the hypothesis that integrating locally available agro-industrial by-products and probiotics can reduce reliance on conventional feed ingredients without compromising hen performance or economic return. This approach holds particular relevance for poultry producers in resource-constrained regions, offering both sustainability and profitability.



5 Conclusion

In conclusion, the results of this study demonstrate that the partial replacement of maize meal with WB or BC, along with the addition of B. amyloliquefaciens CECT 5940, is as efficient as maize meal-based diets in promoting the performance of laying hens. Moreover, it has proven to be a beneficial, highly cost-effective, and economically viable strategy for improving the productive performance and economic parameters of laying hens, as it significantly contributed to the reduction of all production cost parameters and better economic return achievements.



Data availability statement

The original contributions presented in the study are included in the article/supplementary material, further inquiries can be directed to the corresponding author.



Ethics statement

The animal study was approved by Institutional Animal Care and Use Committee of Eduardo Mondlane University, Mozambique (Record no. IACUC-EMU-10/2023). The study was conducted in accordance with the local legislation and institutional requirements.



Author contributions

AM: Conceptualization, Investigation, Software, Writing – original draft, Writing – review & editing, Data curation, Formal analysis, Methodology. AC: Conceptualization, Data curation, Formal analysis, Investigation, Methodology, Software, Supervision, Validation, Writing – original draft, Writing – review & editing. DM: Conceptualization, Formal analysis, Software, Writing – review & editing, Writing – original draft, Data curation, Investigation. NM: Conceptualization, Formal analysis, Investigation, Methodology, Software, Writing – original draft, Writing – review & editing. FC: Conceptualization, Formal analysis, Software, Writing – review & editing, Writing – original draft, Data curation, Visualization. LJ: Formal analysis, Methodology, Software, Writing – review & editing, Validation, Visualization, Writing – original draft. EC: Data curation, Software, Writing – review & editing, Conceptualization, Investigation, Methodology, Visualization, Writing – original draft. FA: Methodology, Validation, Visualization, Writing – review & editing, Conceptualization, Formal analysis, Project administration, Software, Supervision, Writing – original draft. OT: Conceptualization, Formal analysis, Supervision, Visualization, Writing – review & editing, Data curation, Methodology, Validation, Writing – original draft. MG-H: Data curation, Formal analysis, Funding acquisition, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing. CB: Conceptualization, Data curation, Formal analysis, Funding acquisition, Investigation, Methodology, Project administration, Resources, Software, Supervision, Validation, Visualization, Writing – original draft, Writing – review & editing.



Funding

The author(s) declare that financial support was received for the research and/or publication of this article. This research was supported by Intermed Mozambique, Lda (Grant numbers [IMR525/24]). Author Custódio Bila has received research support from Company Intermed Mozambique, Lda. The funder was not involved in the study design, collection, analysis, interpretation of data, the writing of this article, or the decision to submit it for publication.



Acknowledgments

The authors are grateful for the support provided by Intermed Mozambique Ltd. (IML525/24) and all staff from the Intermed Mozambique Ltd. involved.



Conflict of interest

NM and CB were employed by Intermed Mozambique Lda.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.



Generative AI statement

The authors declare that no Gen AI was used in the creation of this manuscript.



Publisher’s note

All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.



References
	 1. Chuang, WY, Lin, LJ, Shih, HD, Shy, YM, Chang, SC, and Lee, TT. The potential utilization of high-Fiber agricultural by-products as Monogastric animal feed and feed additives: a review. Animals. (2021) 11:2098. doi: 10.3390/ani11072098 
	 2. Katileviciute, A, Plakys, G, Budreviciute, A, Onder, K, Damiati, S, and Kodzius, R. A sight to wheat bran: high value-added products. Biomol Ther. (2019) 9:887. doi: 10.3390/biom9120887 
	 3. Ahmad, HF, Sial, AA, and Nizamani, ZA. Wheat bran as a partial substitute for maize in diets for laying hens. Poult Sci J. (2021) 10:54–61.

	 4. Aycicek, M, Ergun, A, and Aydin, R. Nutritional evaluation of biscuit crumbs in broiler diets. J Anim Vet Adv. (2015) 14:252–8.

	 5. Odetola, OM, Eruvbetine, D, Onagbesan, OM, Oduguwa, OO, Owosibo, AO, Ijadunola, TI , et al. Performance and carcass characteristics of broiler fed raw and processed kenaf seed meal. Niger J Anim Prod. (2017) 44:175–84. doi: 10.51791/njap.v44i1.769

	 6. Azzam, MM, Al-Mufarrej, SI, Qaid, MM, Al-Garadi, MA, Albaadani, HH, Alhidary, IA , et al. Growth performance, serum biochemical indices, duodenal histomorphology, and cecal microbiota of broiler chickens fed on diets supplemented with cinnamon bark powder at prestarter and starter phases. Animals. (2021) 11:94. doi: 10.3390/ani11010094 
	 7. Teng, PY, Chang, CL, Huang, CM, Chang, SC, and Lee, TT. Effects of solid-state fermented wheat bran by Bacillus amyloliquefaciens and Saccharomyces cerevisiae on growth performance and intestinal microbiota in broiler chickens. Ital J Anim Sci. (2017) 16:552–62. doi: 10.1080/1828051X.2017.1299597

	 8. Lisboa, MP, Bonatto, D, Bizani, D, Henriques, JA, and Brandelli, A. Characterization ofa bacteriocin-like substance produced by Bacillus amyloliquefaciens isolated fromthe Brazilian Atlantic forest. Int Microbiol. (2010) 9:111–8.

	 9. Tang, RY, Wu, ZL, Wang, GZ, and Liu, WC. The effect of Bacillus amyloliquefaciens onproductive performance of laying hens. Ital J Anim Sci. (2017) 17:436–41. doi: 10.1080/1828051X.2017.1394169 
	 10. Latorre, JD, Hernandez-Velasco, X, Bielke, LR, Vicente, JL, Wolfenden, R, Menconi, A , et al. Evaluation of a Bacillus direct-fed microbialcandidate on digesta viscosity, bacteria translocation, microbiota composition andbone mineralisation in broiler chickens fed on a rye-based diet. Brit Poult Sci. (2015) 56:723–32. doi: 10.1080/00071668.2015.1101053 
	 11. Mushi, DE, Kachwamba, HC, and Bingu, GA. Characterization and economic evaluation of feed ingredients for poultry diets. Trop Anim Health Prod. (2020) 52:2493–502.

	 12. Novela, M, Pinto, SC, Tembe, A, Paulo, E, Mabasso, M, Gove, A , et al. Soybean oil addition to wheat bran-based diet improves laying hens’ performance. Vet World. (2023) 16:1572–5. doi: 10.14202/vetworld.2023.1572-1575 
	 13. Egbetokun, OA, and Obisesan, OO. Comparative analysis of profitability of poultry egg marketing in Iwo area of Osun state and Akinyele area of Oyo state. J Agri. (2023) 21:68–77.

	 14. Andriani, AD, Lokapirnasari, WP, Karimah, B, Hidanah, S, and Al-Arif, MA. Potency of probiotic on broiler growth performance and economics analysis. Indian J Anim Sci. (2020) 90:1140–5. doi: 10.56093/ijans.v90i8.109294

	 15. Kamal, MM , et al. The effects of using wheat bran as a dietary fiber source in broiler diets. J Anim Physiol Anim Nutr. (2019) 103:475–84.

	 16. Bai, K, Huang, Q, Zhang, J, He, J, Zhang, L, and Wang, T. Supplemental effects of probiotic Bacillus subtilis fmbJ on growth performance, antioxidant capacity, and meat quality of broiler chickens. Poult Sci. (2017) 96:74–82. doi: 10.3382/ps/pew246 
	 17. Gadde, UD, Oh, S, Lee, Y, Davis, E, Zimmerman, N, Rehberger, T , et al. Dietary bacillus subtilis-based direct-fed microbials alleviate lps-induced intestinal immunological stress and improve intestinal barrier gene expression in commercial broiler chickens. Res Vet Sci. (2017) 114:236–43. doi: 10.1016/j.rvsc.2017.05.004

	 18. Oh, JK, Pajarillo, EAB, Chae, JP, Kim, IH, Yang, DS, and Kang, DK. Effects of Bacillus subtilis CSL2 on the composition and functional diversity of the faecal microbiota of broiler chickens challenged with Salmonella Gallinarum. J Anim Sci Biotechnol. (2017) 8:1–9. doi: 10.1186/s40104-016-0130-8 
	 19. Kholif, AE , et al. The use of biscuit crumbs in broiler diets: effects on growth performance and economic feasibility. Poult Sci. (2020) 99:1129–35.

	 20. Zhang, AR, Wei, M, Yan, L, Zhou, GL, Li, Y, Wang, HM , et al. Effects of feeding solid-state fermented wheat bran on growth performance and nutrient digestibility in broiler chickens. Poult Sci. (2022) 101:101402. doi: 10.1016/j.psj.2021.101402 
	 21. Zhou, L, Wang, X, and Zhang, H. Probiotics and their use in poultry diets. J Anim Nutr. (2020) 6:20–6.

	 22. Forte, C, Moscati, L, Acuti, G, Mugnai, C, Franciosini, MP, Costarelli, S , et al. Effects of dietary Lactobacillus acidophilus and Bacillus subtilis on laying performance, egg quality, blood biochemistry and immune response of organic laying hens. J Anim Physiol Anim Nutr. (2016) 100:977–87. doi: 10.1111/jpn.12408 
	 23. Guo, JR, Dong, XF, Liu, S, and Tong, JM. Effects of long-term Bacillus subtilis CGMCC 1.921 supplementation on performance, egg quality, and fecal and cecal microbiota of laying hens. Poult Sci. (2017) 96:1280–9. doi: 10.3382/ps/pew389 
	 24. Wang, X, Jian, H, Zhao, W, Li, J, Zou, X, and Dong, X. Effects of dietary Bacillus coagulans on the productive performance, egg quality, serum parameters, and intestinal morphology of laying hens during the late laying period. Ital J Anim Sci. (2023) 22:95–105. doi: 10.1080/1828051X.2022.2163931

	 25. Zhang, ZF, Zhou, TX, Ao, X, and Kim, IH. Effects of β-glucan and Bacillus subtilis on growth performance, blood profiles, relative organ weight and meat quality in broilers fed maize–soybean meal based diets. Livest Sci. (2012) 150:419–24. doi: 10.1016/j.livsci.2012.10.003

	 26. Zhang, ZF, Cho, JH, and Kim, IH. Effects of Bacillus subtilis UBT-MO2 on growth performance, relative immune organ weight, gas concentration in excreta, and intestinal microbial shedding in broiler chickens. Livest Sci. (2013) 155:343–7. doi: 10.1016/j.livsci.2013.05.021

	 27. Huang, MK, Choi, YJ, Houde, R, Lee, JW, Lee, B, and Zhao, X. Effects of lactobacilli and an acidophilic fungus on the production performance and immune responses in broiler chickens. Poult Sci. (2004) 83:788–95. doi: 10.1093/ps/83.5.788 
	 28. Amerah, AM, Quiles, A, Medel, P, Sánchez, J, Lehtinen, MJ, and Gracia, MI. Effect of pelleting temperature and probiotic supplementation on growth performance and immune function of broilers fed maize/soy-based diets. Anim Feed Sci Technol. (2013) 180:55–63. doi: 10.1016/j.anifeedsci.2013.01.002

	 29. Mountzouris, KC, Tsirtsikos, P, Kalamara, E, Nitsch, S, Schatzmayr, G, and Fegeros, K. Evaluation of the efficacy of a probiotic containing Lactobacillus, Bifidobacterium, Enterococcus, and Pediococcus strains in promoting broiler performance and modulating cecal microflora composition and metabolic activities. Poult Sci. (2007) 86:309–17. doi: 10.1093/ps/86.2.309 
	 30. Lee, K, Lillehoj, HS, and Siragusa, GR. Direct-fed microbials and their impact on the intestinal microflora and immune system of chickens. J Poult Sci. (2010) 47:106–14. doi: 10.2141/jpsa.009096

	 31. Cufadar, Y, Beyari, EA, Hassoubah, SA, Curabay, B, Sevim, B, Aksoy, A , et al. Impacts of Bacillus probiotics on productive performance and egg quality criteria in laying Japanese quails. J Appl Poult Res. (2024) 33:100445. doi: 10.1016/j.japr.2024.100445

	 32. Castañeda, CD, Gamble, JN, Wamsley, KG, McDaniel, CD, and Kiess, AS. In ovo administration of Bacillus subtilis serotypes effect hatchability, 21-day performance, and intestinal microflora. Poult Sci. (2021) 100:101125. doi: 10.1016/j.psj.2021.101125 
	 33. Oketch, EO, Yu, M, Hong, JS, Chaturanga, NC, Seo, E, Lee, H , et al. Laying hen responses to multi-strain Bacillus-based probiotic supplementation from 25 to 37 weeks of age. Anim Biosci. (2024) 37:1418–27. doi: 10.5713/ab.23.0495 
	 34. Almeida, TWD, Silva, ADL, Saccomani, AP, Muñoz, JA, Silva, RTD, Franca, NV , et al. Performance and egg quality of commercial laying hens fed diets formulated using non-linear programming. Brazilian. J Poult Sci. (2019) 21:eRBCA-2018. doi: 10.1590/1806-9061-2018-0811 
	 35. Chen, Z, Mense, AL, Brewer, LR, and Shi, YC. Wheat bran layers: composition, structure, fractionation, and potential uses in foods. Crit Rev Food Sci Nutr. (2024) 64:6636–59. doi: 10.1080/10408398.2023.2171962 
	 36. Ochieng, B, Willis, O, Kinyuru, J, Mburu, J, Gicheha, M, and Kabuage, LW. Effect of low tannin Sorghum based feed on physical and nutritional quality of layer chicken eggs. J Food Res. (2018) 7:94. doi: 10.5539/jfr.v7n4p94

	 37. Poberezhets, J, and Kupchuk, I. Effectiveness of the use of probiotics in the diet of broiler chickens. Anim Sci Genet. (2021) 17:9–16. doi: 10.5604/01.3001.0015.6857 
	 38. Brito, JR , et al. Cost-effective strategies for poultry feed formulations. J Poult Sci. (2022) 59:178–85.

	 39. Surya, A , et al. Break-even point analysis and feasibility of livestock business Kampung Unggul Balitnak-Sentul Selected (KUB-SenSe) chicken farm in Talango Village, Kabila District, Bone Bolango Regency. IOP Conf. Ser.: Earth Environ Sci. (2021) 788:012198. doi: 10.1088/1755-1315/788/1/012198

	 40. García-Vidal, G, Sánchez-Rodríguez, A, Pérez-Campdesuñer, R, and Martínez-Vivar, R. Contribution margin and quantity matrix to analyze the product portfolio in the context of SMEs. Criticism of the BCG matrix and its alternatives. Cogent Bus Manag. (2023) 10:272. doi: 10.1080/23311975.2023.2233272

	 41. Bouzaiene, T, Ziadi, M, Enneifer, M, Sellami, A, Aydi, A, Cherif, A , et al. Cellulolytic Bacillus strain: production optimization using wheat bran under solid-state fermentation and investigation of its probiotic potential. Sustain For. (2023) 15:8394. doi: 10.3390/su15108394

	 42. Subramanian, A, Sreeraghavan, AK, and Paliwal, J. Comparative nutrient analysis of wheat bran for poultry feeds. Int J Poult Sci. (2020) 19:370–5.

	 43. Zhang, YJ, Li, S, Gan, RY, Zhou, T, Xu, DP, and Li, HB (2015). Impacts of gut bacteria on human health and diseases. International journal of molecular sciences 16:7493–519.

	 44. Abou-Elkhair, R, Selim, S, and Hussein, E (2018). Effect of supplementing layer hen diet with phytogenic feed additives on laying performance, egg quality, egg lipid peroxidation and blood biochemical constituents. Animal nutrition 4:394–400.

	 45. Joaquim, LA, Changule, AP, da Glória, TM, Novela, M, Pinto, SC, and Bila, CG (2024). The generation interval and season of birth do not affect age at first calving, birth weight and calving interval of Mozambican Angoni cattle. Tropical Animal Health and Production 56:177.

	 46. Yang, Y, Jiang, X, Cai, X, Zhang, L, Li, W, Che, L , et al. (2022). Deprivation of dietary fiber enhances susceptibility of piglets to lung immune stress. Frontiers in Nutrition 9:827509

	 47. Balasubramanian, B, Wen-Chao, L, and In, HK (2023). “Application of natural bioactive compounds in animal nutrition.” Frontiers in Veterinary. Science 10:1204490.

	 48. Qiu, J, Meng, XO, Li, J, Zhang, T, Qin, S, Li, Y , et al. (2025). Bacillus megaterium GXU087 secretes indole-3-lactic acid to promote soybean growth and nodulation. Frontiers in Plant Science 16:1560346.

	 49. Olafadehan, OO, Olafadehan, OA, and Fapohunda, JB (2010). Performance and economics of production of laying hens fed dried bakery waste. Animal Nutrition and Feed Technology 10:169–75.

	 50. Gomes, TR, de Carvalho, LE, Freitas, E, Nepomuceno, RC, Ellery, EAC, and Rufino, RHM (2012). Efeito da inclusão de farelo de arroz integral em rações para leitões de 21 a 42 dias de idade. Archivos de zootecnia 61:129–39.

	 51. Rufino, JPF, Cruz, FGG, Miller, WPM, Melo, RD, Feijó, JDC, and Chagas, EOD (2015). Análise econômica da inclusão de farinha do resíduo de tucumã (Astrocaryum vulgare, Mart) na alimentação de poedeiras comerciais. Revista Brasileira de Saúde e Produção Animal 16:1–9.



Copyright
 © 2025 Manteiga, Changule, Magaia, Manjate, Chilala, Joaquim, Chivale, Anjos, Tomo, Garcia-Herreros and Bila. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.

OPS/xhtml/Nav.xhtml




Contents





		Cover



		Optimizing laying hen diets: effect of partial maize meal replacement with wheat bran or biscuits crumbs and Bacillus amyloliquefaciens CECT 5940



		1 Introduction



		2 Materials and methods



		2.1 Ethics statement



		2.2 Animals and experiment location



		2.3 Experimental design



		2.4 Economic analysis



		2.5 Statistical analysis









		3 Results



		3.1 Impact of incorporating Bacillus amyloliquefaciens CECT 5940 into wheat bran and biscuits crumbs based-diets on the productivity of laying hens



		3.2 Cost–benefit analysis resulting from the incorporation of Bacillus amyloliquefaciens into WB and BC-based diets for laying hens



		3.3 Profitability analysis resulting from the incorporation of Bacillus amyloliquefaciens into WB and BC-based diets for laying hens









		4 Discussion



		5 Conclusion



		Data availability statement



		Ethics statement



		Author contributions



		Funding



		Acknowledgments



		Conflict of interest



		Generative AI statement



		Publisher’s note



		References



















OPS/images/cover.jpg
& frontiers | Frontiers in Veterinary Science

Optimizing laying hen diets:
eeff ct of partial maize meal
replacement with wheat bran or
biscuits crumbs and Bacillus
amyloliquefaciens CECT 5940












OPS/images/crossmark.jpg
©

2

i

|






OPS/images/logo.jpg
, frontiers Frontiers in Veterinary Science






