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Abstract

:

The aim of this review is to highlight the most beneficial effects of dietary fermented feed in correlation with decreasing the antinutrient concentration in vegetal matrices usually used for broiler nutrition. Rational feed formulation is critical for animals because it improves animal performance, and provides the animal with the necessary nutrients to develop strong bones, muscles and tissues, and a properly functioning immune system. Fermentation of animal feed is useful as compounds with high molecular mass are converted into energy and compounds with lower molecular mass in the presence of enzymes produced mainly by bacteria and yeasts. Fermentation products contain probiotic compounds with beneficial effects on the health of the animal microbiome. Feed fermentation has other roles such as converting antinutrients into beneficial substances for animal organisms, and some studies have shown that fermentation of feed decreases the risk of antinutrient components presence. For the bibliographic research, different platforms were used (PubMed, Science Direct, MDPI resources), and numerous words or combinations of terms were used to find the latest information. Fermented feed utilization has been shown to enhance growth performance while promoting a healthier gut microbiome in animals.
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1. Introduction


Sustainable and physiological growth [1], improving meat quality and feed conversion efficiency of farm broilers represent the main directions of this sector [2,3]. Increased oxidative stress has a tremendous impact on the health status and well-being of the birds [4]. In fact, stress management presented a big concern for researchers all over the world, for the last ten years. In order to reduce the unintended side effects, many solutions were proposed and tested [2]. In European Union until 2006, for both therapeutic and non-therapeutic applications antibiotics were used in animal production [5], posing a threat to product safety due to antimicrobial residues and increasing the risk of microbial resistance development and spread in the poultry environment [3].



To mitigate this risk, alternative strategies are being explored to reduce antibiotic use in chicken farms [5,6]. Research has focused on finding natural agents that can serve as growth promoters while maintaining low mortality rates, high animal yield, and protecting the environment and consumer health [7].



Research has simultaneously explored the use of plant-derived antioxidant compounds [8], bacteriophage therapy [9], micronutrient supplementation, and fermented feed [10] in animal feed as strategies to alleviate various negative impacts on animal health, human health, and environmental sustainability.



In general, animal agricultural sectors and especially, poultry farms have grown more interested in using plants and their derivatives as feed additives throughout the past ten years to preserve or enhance their health and productivity [11]. Secondary plant metabolites, polyphenols, are responsible for most host health benefits [12]. Polyphenols are well known for their antioxidant [13], immunomodulatory [14], anti-mutagenic [15], and anti-inflammatory effects [16]. Despite these benefits, polyphenols have been shown to have poor gastrointestinal absorption as well as reduced quantities in target cells, limiting their effectiveness as antioxidants. Some polyphenols’ poor bioavailability necessitates additional research to fully realize their potential in poultry livestock rearing [17]. For example, tannins are plant polyphenols, known for their properties like binding to proteins to form large-molecular compounds, and complex metal ions, decreasing their availability for animals [18].



So, researchers are looking for solutions to increase the accessibility and bioavailability of proteins, metal ions, tannins, and other molecules [19]. A brief search on the main platforms for scientific journals (MDPI, PubMed, and Science Direct) revealed an increased number of articles related to the use of fermented feed for broilers reared in the farm system, to improve the bioavailability of the healthy molecules.



Indeed, feeds are the most important instruments used to achieve the mentioned goals (rapid growth, enhanced meat quality, and increased feed conversion efficiency in farms raising broiler chickens).



The use of fermented feeds in broiler nutrition has gained attention due to its potential impact on growth performance [20]. Also, many studies proved that fermented feed has a salutary effect on the broiler gut microbiome [21]. In general, the fermentation process results in the breakdown of complex compounds in the presence of microorganisms, leading to the production of smaller and more beneficial metabolites [21], that have a positive impact on the health and antioxidant status of the broiler [20]. Also, fermentation reduces the antinutrient components (ANC) in the feed, conducting to increase of food-beneficial nutrient bioavailability [19,20,21].



Healthy fermented feed alternatives include probiotics, prebiotics, enzymes, organic acids, immunostimulants, bacteriocins, bacteriophages [9], or feed additives [8]. Probiotics used in fermentation become the main microorganisms delivered by feed; the probiotic’s metabolites lower the pH of the feed and help reduce harmful microorganisms [22]. Probiotics like Lactobacillus, Bacillus subtilis, and yeast can improve immunological, antioxidant, and production function as well as remodel gut microbiota and alleviate intestinal dysbiosis and inflammation [23]. Probiotics are added to a feed substrate and fermented under controlled conditions to make fermented feed. Probiotics take over in the feed during fermentation, generating metabolites that raise crude protein content, lower pH, limit mycotoxin synthesis, reduce dangerous microbes, and remove allergens and antinutritional factors. Some studies recommend fermented feed for better tastes thanks to the production of acids, alcohols, ketones, and esters during the process [24,25].



The aim of the present review is to emphasise and discuss the most beneficial effects of using fermented feed for broilers in the context of achieving the expected growth performance in connection with gut microbiome health. Notably, for the present review, the most beneficial effects of feed fermentation are presented in correlation with decreasing the concentration of ANC in vegetal matrices usually used for broiler nutrition.



Feed of vegetal origin, that undergone microbial fermentation, usually with the aid of lactic acid bacteria (LAB), is referred as fermented feed. Through this method, the feed’s nutritional profile changes, its digestibility is increased, and the broilers’ gastrointestinal health is improved [20]. Probably the most important fact is that fermented feed contains live probiotics, organic acid (like lactic acid), lowering the pH, which can inhibit harmful pathogens, naturally preserves the feed, and reducing the risk of spoilage [25].




2. Fermentation Used in Feed Processing


Fermented feeds have been gaining attraction in poultry farming as a potential way to improve both growth performance and gut health in broilers [24,26]. It is known that fermentation is a complex process, and lately, it gained more and more application from the food industry to the feed industry. The fermentation process is based on the breaking down of complex compounds in feedstuffs, making nutrients more digestible for animals. This can lead to improved growth performance and feed efficiency. Fermentation can preserve feedstuffs and extend their shelf life by reducing spoilage caused by moulds and bacteria [27]. Moreover, fermentation allows for the utilization of non-conventional feed sources, such as industrial waste products, which can help reduce reliance on traditional feed ingredients. The use of probiotics (live microorganisms) and prebiotics (fibres that promote beneficial gut bacteria) in conjunction with fermentation can further enhance the benefits for animal health [24].



There are various techniques for making fermented feeds from vegetal matrices, such as liquid fermentation, solid fermentation, and ensiling, which are the most used over the last couple of decades [20]. Fermented liquid feed provides not only water and digestible nutrients, but also organic acids and beneficial microorganisms such as lactic acid bacteria and yeasts. Solid-state fermentation, as opposed to liquid fermentation, has advantages such as reduced wastewater generation, increased product stability, reduced energy consumption and easier transportation [22]. In general, the fermentation substrate used for ensiling consists of fresh, water-rich plant material that supports a high number of active microorganisms [28]. For instance, mechanical chopping during harvesting may lead to an increase in lactic acid bacteria (LAB) counts, followed by Enterobacteriaceae and yeasts. Whatever type of fermentation is used, most of the research studies suggest a concentration of live microorganisms in the biomass between 105 and 109 CFU/g [28].



Spontaneous fermentation, although possible in all types of fermentation, should be avoided because of the risk of growth of harmful microorganisms and toxic metabolites. The development of harmful microorganisms is reduced under normal production conditions and can be effectively controlled by applying good quality control practices as well as by optimizing fermentation parameters [21,22]. These parameters include composition of raw materials used, starter culture formulation, fermentation conditions, and post-fermentation processes. For instance, the selection of enzymes and microorganisms depends on the characteristics of the substrate, and pretreatments (mechanical, thermal, chemical) can facilitate fermentation. The choice between enzymatic treatments and fermentation varies depending on the properties of the feed and enzymes used. Finally, nutritional assessments are essential to determine both feed improvement and nutritional value [24,25,26,28].



All the three fermentation processes described above, can help reduce ANC in feedstuffs, such as tannins and phytates, which can interfere with nutrient absorption [29]. In Figure 1 are presented the most basic ingredients of the fermentation process of milled vegetal material with the addition of water (chlorine-free water is preferred to avoid killing fermentation sensitive microorganisms) and substances to stimulate bacteria and yeast for multiplication and fermentation of matrices. Reduced ANC, increased feed shelf life, alternative feed source utilization and enhanced probiotic and probiotic delivery are probably some of the most important reasons to use fermented feed for broiler chickens’ nutrition.



Legumes and cereals are part of the base diet for all farm animals including broilers. Because they provide significant amounts of carbs, protein, vitamins, and dietary fibre, these grains are vital to the broiler chicken diet [24]. To promote growth and maintain health, these nutrient sources are necessary for daily nourishment. However, a lot of research regarding the plant composition in proteins, lipids, carbohydrates, vitamins, and minerals provide evidence and debate the issue regarding the presence of ANC, which reduce the bioavailability of good nutrients [30].



In Table 1 are presented a few of the most used vegetal matrices of basal diet of broiler corelated with ANC and ways to mitigate their effects.



Worldwide, soybean (Glycine max) is the primary source of protein and amino acids utilized in animal feed formulations, especially for monogastric animals. High inclusion rates of high-quality vegetable protein, particularly in diets for chicken, can be found in soybeans, which have a less changeable chemical makeup than other protein sources. In addition to their high protein content, soybeans also include a variety of variable amounts of substances that are generally regarded as antinutritional. Phytic acid, saponins, isoflavones, and trypsin inhibitors are a few examples [31]. Nowadays, it is believed that eating controlled concentration of these substances can have positive biological effects on blood cholesterol levels and cancer prevention [33]. Most of the scientific results addressed the variations in the concentrations of phytic acid, saponins, isoflavones, and trypsin inhibitors. Soybean processing alters the levels of these minor elements in a variety of ways. During the processing of soybeans by fermentation is created conventional protein components, flours, isolates, and concentrates, without ANC [32].



Corn or maize (Zea mays) provides an affordable and easy-to-access source of protein and energy, being utilized as an important ingredient in commercial chicken feed. The high carbohydrate content, and amino acid profile of corn protein give chickens the energy they need to thrive and regulate their body temperature. Also, corn contains higher levels of ANC, phytate and polyphenols, that form complexes with metal ions [34,35]. With the help of the enzymes produced during fermentation, ANC are reduced, making fermentation an effective technique for enhancing the macro, trace, and total minerals levels of corn genotypes. Tannase and phytase, two enzymes produced during fermentation by microorganisms, are thought to be responsible for reducing antinutrients (polyphenols and phytate) in corn genotypes [36]. This likely explains the increase in trace minerals after corn fermentation. One possible mechanism for releasing minerals from phytate could be dephosphorylation, whereby the removal of phosphate groups from the inositol ring reduces phytate’s ability to bind minerals, increasing the bioavailability of vital dietary minerals. Fermenting grains flour for 14 days resulted in significant increases in total and extractable zinc, manganese, copper, and cobalt levels [29].



Both ruminant and nonruminant farming systems can use sorghum (Sorghum bicolor L.) as a source of protein and energy. Sorghum can be a good source of grain in an animal’s diet if it is processed properly and combined with other feed ingredients in a balanced manner [38]. Further research is required to fully comprehend important antinutritive characteristics of sorghum, such as tannin (phenolic compounds), phytic acid, and dhurrin [37]. Apart from its application in the food animal industry, the problem lies in the high tannin content of sorghum, a water-soluble polyphenolic metabolite that inhibits poultry growth. Increased tannin concentrations slow down protein digestion and form chelate, which makes them ANC [39]. Tannins negatively affect the growth, feed intake, digestion of protein, egg production, and deformities of the legs of broiler chickens. Dhurrin, a cyanogenic glucoside, by a specific enzyme pathway generate hydrogen cyanide (HCN), toxic for organisms [40]. It decreases the broilers’ apparent nutritional digestibility, promotes cytochrome oxidase system inactivation causing anoxia of the central nervous system, which can lead to death in a matter of seconds. To inhibit the antinutritive effects, processing in the presence of microorganism like lactic acid bacteria (LAB) is used [37,41].



Research has shown that the inclusion of barley (Hordeum vulgare L.) with β-glucan in the diets of young chicks can hinder growth and lead to problems such as sticky droppings. However, these negative effects can be mitigated either by fermenting the barley or by adding β-glucanase producing microorganisms to barley-rich diets [42]. The adverse effects appear to be associated with nutrient digestion and bowel transit problems, but there is no conclusive evidence that treatments aimed at removing β-glucan can improve nutrient digestibility in barley-based diets. Although there is a substantial amount of literature on this topic, very few studies have made significant advances for a certain answer [42]. Some recent research has looked at the antinutritive effects of pentosans present in other cereals, but there have been no direct tests on β-glucan isolated from barley in poultry diets, nor examinations of its impact on nutrient uptake by poultry. Probably, further research on the biochemistry and molecular biology of fermentation microorganisms with glucan-degrading enzymes could provide a deeper insight into their role in poultry nutrition [43].



Antinutritional factors are harmful compounds in wheat (Triticum aestivum) that interfere with the absorption and bioavailability of nutrients in monogastric animals like pigs and poultry, so impact its nutritional quality. Wheat, a key source for energy and protein, contains several ANC like phytate, protease inhibitors, tannins, lectins, alkaloids, and oxalate. Phytate, for instance, reduces the bioavailability of essential micronutrients such as iron and zinc [44]. Various strategies, including fermentation as well as genetic engineering, aim to mitigate these effects. Enzyme degradation of tannins—proteins complex in seed provide an efficient solution (this network being responsible for trapping metal ions). Rather than germination, processing by fermentation increases the content of iron and zinc, with the highest iron content observed in fermented samples (5.52 mg/100 g) [45].



Oats (Avena sativa L.) stand out among cereals because of their high dietary fiber content and nutritional value, which includes proteins, balanced amino acids, minerals, unsaturated fatty acids, vitamins, antioxidants, and phenolic compounds [46]. Their high soluble and insoluble fiber level is especially sought because it has been associated with several health advantages. Also, important concentrations of ANC are present in oats, it can disrupt the stomach’s normal functioning and prevent nutrients from being absorbed [47]. Also, rough texture, tough hull removal, low digestibility, and antinutrient elements, limit the use of oats in animal diet. To lower ANC, several processing methods, including fermenting, grinding and boiling, can help address these problems by increasing the availability of minerals, protein, and carbohydrates [47].



The rye grain (Secale cereale) contains several nutritionally beneficial dietary components. Poultry should not receive more than 5–7% of their diet, according to zootechnical requirements. The primary cause of rye grain’s restricted use as animal feed is its high level of antinutrient ingredients, like water-soluble pentosans [48]. Water-soluble pentosans’ capacity to absorb water and create a very dense solution gives their negative feeding characteristics. Animals’ digestive tracts are clogged with a viscous pentosan solution that prevents food nutrients from being absorbed. High rye grain consumption causes indigestion, weakens farm animals, and slows down the forage’s passage through the digestive system [49]. Poultry may experience oesophageal and gastric blockages. The immune systems of the birds will be impacted by the addition of rye to their diet. To prepare rye grain for feeding animals, there are several methods. Winter rye grain is currently subjected to enzymatic treatments to counteract its antinutritional qualities and improve its nutritional digestibility. Studies indicate that applying enzyme preparations to the aqueous grain extract of winter rye can considerably lower its viscosity [50].



Because it has a high protein content and a high dry matter yield, alfalfa (Medicago sativa L.) is an essential livestock feed crop in both developed and developing countries. This plant’s primary ANC are saponins, and because of their detrimental effects on animal performance, its high protein content has not been able to be used to its full potential as animal feed [51]. Saponins are glycosides that have a polycyclic aglycone moiety connected to a carbohydrate. These moieties can be either of the C27 steroid or the C30 triterpenoid, which are together referred to as sapogenins [52]. The flavor of saponins is unpleasant, and they have foaming qualities. For non-ruminant animals (pigs and chicks), the most important negative effect is growth rate retardation, which is mainly caused by a decrease in feed intake [6]. To fully detoxify the seeds of this antinutrient, the dry (raw) bean requires a long cooking time. Alternatively, fermentation with LAB microorganism, dramatically eliminates the majority of these antinutrients with a significantly lower energy cost than cooking [53].



Fermentation increases feed digestibility because fermentation break down lipids, complex carbohydrates and proteins into their simple biochemical units (e.g., fatty acids, monosaccharides or amino acids), making them easier for broilers to digest and absorb nutrients [20]. According to another study, the enhanced digestibility of fermented feeds may be responsible for the beneficial effects observed in the gastrointestinal environment/condition (e.g., the reduction of gastric pH and pathogenic microbial activity as well as the increase in the production of short chain fatty acids [SCFA]), which in turn enhances the growth performance of chickens [54].



Fermentation of fresh vegetal nutrients reduces the size of the complex molecules, with anti-nutritional characteristics, to easily absorbable structures in the digestive tract. Some of these molecules (Figure 2A), like protein-tannin complex, metal—starch—phytate complex or inhibitor–enzyme complex. After fermentation process (Figure 2B) of vegetal feed, the complex molecules are degraded, reducing the concentration of ANC, increases the concentration of beneficial compounds (antimicrobial peptides, metal ions, antioxidants, vitamins, short chain fatty acids, and amino acids) released from the complex networks and acting as prebiotics in the broiler gastrointestinal tract (GIT). Additionally, fermentation brings beneficial microorganisms, probiotics, to the digestive tract of the broiler improving the health status of the birds (Figure 2C). Broilers ingest fermented feed with decreased concentration of antinutritional compounds and enhanced prebiotics and probiotics levels, elevate the meat nutritional value. The human consumer, as the final link in the chain, is the beneficiary of the positive consequences of feeding fermented feed to broilers (Figure 2D).



Tannins have been shown to bind proteins via hydrogen bonding and hydrophobic interactions, resulting in protein-tannin complexes [55]. They impact the digestibility of proteins and carbohydrates, adding to the diet’s lower calorie value. Tannins interact with digestive enzymes such as trypsin and amylase, leaving them unavailable for digestion reactions. Tannins can form a complex compound with vitamin B, making it inaccessible for body needs [31,56].



Phytic acid is present in many plants and is also called inositol hexa-phosphate or IP6. It forms salts of the mono or/and divalent cations K+, Ca2+, and Mg2+. In this way, phytates serve as reservoirs of cations, with high-energy phosphoryl groups [56]. Because they can act as chelators of free iron are considered efficient natural antioxidant. Phytates are powerful anions in a broad pH range, impacting the bioavailability of divalent and trivalent mineral ions such as Ca2+, Cu2+, Mn2+, Zn2+, Mg2+, Fe2+, or Fe3+ in diet [57]. The effect of increasing phytate intake on mineral deficiency is dependent on what else is consumed. It has been claimed that the interaction between phytate and polysaccharides like starch, lowers carbohydrate bioavailability and breakdown, and influences starch metabolism as the development of the phytate-carbohydrate complex [31].



Protease inhibitors are found in many plants, including legume and cereal seeds used for broiler nutrition. Protease inhibitors function as competitive inhibitors, binding to the enzyme’s active site and forming a complex with a low dissociation constant at neutral pH [57]. The inhibitor imitates the substrate, resulting in an inhibitor-enzyme complex that cannot be removed using the usual process [55]. This blocks the enzyme’s active site and effectively silences its activity. For instance, amylase inhibitors are thought to have two functions: they protect the seeds from microbial diseases and pests while also inhibiting endogenous amylase [31,56].



Nutrient digestibility is a measurement of feed nutritional processes related to capacity and intestinal function. Beneficial microorganisms in fermentation produce metabolites like lactic acid, bacteriocin, antibacterial substances, and alcohols, which can lower digestive tract pH, inhibit harmful bacteria like Escherichia coli, and improve intestine digestion and absorption [55]. Addition of fermented material, broilers’ apparent calcium metabolic rates increased. Adding 20% fermented feed enhanced the apparent metabolic rate of Calcium. This is because the lactic acid produced by fermentation lower the feed pH, creating a favourable acidic environment in digestive system for calcium absorption [58].



In the same time, research suggests that fermented feeds can be a promising strategy for enhancing growth performance and gut health in broilers. However, the specific effects can vary depending on factors like the type of fermentation, the ingredients used, and the inclusion level in the diet. Furthermore, improved growth in birds is attributed to elevated activity of digestive enzymes such lipases, amylases, trypsin, and proteases in broilers fed fermented diets [59].



Enhanced nutrient availability by previously subject to fermentation of row vegetal matrices or plant byproducts. Beneficial microbes in fermented feeds can produce enzymes and organic acids that further improve nutrient utilization. While there is evidence linking fermentation to enhanced palatability and nutrient digestibility, fermentation resulted in a decrease in the amount of feed consumed by broilers throughout the starter and grower phases [60]. The hens’ growth rates were slowed down as a result during these stages, but surprisingly not during the finishing phase.



The ability of animals to convert feed into muscle tissues is shown by their slaughter performance [61]. The two main indicators used to assess carcass yield and meat quality in broilers are muscle and visceral (abdominal) fat. The addition of FTLM to the broiler diets raised the weights of the thigh and breast muscles [62]. Also, Yang et al. (2008) noted a rise in the weights of the cut parts (thighs and breast) of broilers given fermented herbal items [63].




3. Effects of Fermented Feeds on Broilers Growth Performance and Gut Microbiome


3.1. Improved Growth Performance


Resources like cereals, different vegetal beans, and agricultural by-products are insufficient to improve growth performance in broiler? It was shown previously that ANC in the feed, reduce digestibility and have an impact on survival rates. To reduce ANC, fermentation is the most used method [24]. Fermentation feed can stimulate growth, take the place of antibiotics, recycle waste (use byproducts to cut waste), and alleviate feed scarcity [22].



To evaluate the growth performance of an animal, in this case, broiler, considered parameters are feed conversion ratio (FCR), body weights gaining (BW) and feed intake (FI) [24]. Those tree parameters are linked by a mathematical relationship. FCR represents the ratio between FI and BW. The research indicate that the microorganisms used for feed fermentation influence the balance [64].



It’s crucial to increase broiler feed conversion rate, and for broilers feed with fermented feed, FCR is between 1.35–1.70 g feed/g gain, depending on the concentration of fermented feed added to the basal ratio and the age of the broilers [24]. The most recommended solution by the researchers is represented by feed fermentation. Indeed, probiotic fermentation of different materials produces fermented feed, which increases the beneficial nutrients and decreases the ANC [65].



According to the study [21], corn, soy-bean, and wheat, 6:2:2 (w:w:w), fermented with Lactobacillus casei (L. casei) was used as fermented feed additive. Four groups of chickens were investigated as follows NC (negative control received basal diet), PC (positive control received basal diet +antibiotic 15 ppm), FFL (fermented feed low received basal diet + 0.3 kg/t FFA), and FFH (fermented feed additive high received 3 kg/t FFA). The results of the study [21] indicated that FFL and PC diets had a higher FCR than the NC from 0–42 days, and the FFH and FFL groups gained greater BW (1–21 days). Also, microorganisms with beneficial properties, such as Lactobacillus aviarus genus, Lactobacillus spp., and Lactobacillus phylum Delsulfobacterota and class Desulfovibriona, were also tended to increase in the FFH and FFL fermented feed groups compared to the PC and NC groups. Pathogenic microorganisms were also significantly reduced in the group treated with FFH and PC [21].



Irawan et al., [62] investigated the effect of fermented soybean meal (FSBM) in the presence of Lactic acid bacteria and yeast on chickens’ performance. Comparing broiler trials fed with and without FSBM revealed that replacing SBM with FSBM had a substantial favorable effect on the BW of broiler chickens [66]. Except for the feed fermentation in the presence of Aspergillus niger, the majority of microbial fermentation (Lactic acid bacteria and yeast) resulted in a considerable rise of broiler BW. In the same research, positive correlation was found between broiler average daily gain and the diet supplementation with FSBM fermented in the presence of Aspergillus oryzae, mixed probiotics + bromelain, Bacillus subtilis, and Lactobacillus microorganisms. Also, fermented feed seems to be responsible for increasing the FI [66].



The most important microorganisms used to obtain fermented feed are belong to Ruminococcaceae, Lactobacillaceae, and unclassified Clostridiales. The growth performance parameters obtained after feeding broilers with fermented feed in the presence of these bacteria are shown in Table 2.



In the last years, besides corn, soybean, cotton-seed, and rapeseed, other vegetal sources are used as feed for broiler. Leaf meals (LM) are leaves and twigs dried, pulverized, and used as a feed for livestock. They are an important management tool during the dry months when fresh fodder is in short supply [68]. For instance, tropical leaf meals (TLMs) can be used in poultry production due to their health and nutritional benefits. However, their large-scale use is limited due to their high crude fiber content and moderate anti-nutritional factors. Fermentation, particularly microbial fermentation, has been shown to reduce these factors, increase nutritional benefits, and improve growth performance in broiler production. Ogbuewu et al. [61] find out that the growth performance of broilers fed with fermented tropical leaf meals (FTLM) may be linked to decreased ANC levels and the breakdown of complex biomass by fermentation microorganisms. This may also improve intestinal health and function, as the intestine is the primary site for immunity, nutrient digestion, and uptake [61].



Fermented feeds have been found to promote growth in broilers by increasing intestinal length indices, maintaining normal gut microbial ecosystems, and improving intestinal morphology, such as villus height. These feeds also improve digestion and absorption, leading to improved production performance [20]. This can be sustained by the study of Saleh et al. [67], where Bacillus spp. appear to be a viable alternative for antibacterial growth promoters that improve animal health and performance. Bacillus licheniformis can sporulate, rendering them stable under thermal processing of feed and resistant to enzymatic digestion along the gastrointestinal tract (GIT). Bacillus licheniformis addition in broiler drinking water or diets boosted growth performance by increasing the body weight and feed conversion ratio of broilers [67].




3.2. Gut Microbiota Modulation


The microbiota is the entire microbial population (including viruses, bacteria, fungi, protists, and archaea) that lives in complex multicellular organisms such as plants, animals, and humans [9]. The microbiota in broiler chickens’ gastrointestinal tract (GIT) plays a crucial role in their health, immune system, and productivity. It reduces colonization by enteric pathogens and prevents inflammation, leaky gut, and other gut-related disorders [69]. Broiler microbiota composition is influenced by factors like age, diet, genetics, and antibiotic use. Broad-spectrum antibiotics cause collateral damage, leading to dysbiosis and antibiotic resistance. Poultry production systems use antibiotics for growth promotion, but indiscriminate use reduces microbiota stability and Lactobacillus population in broilers. Long-term antibiotic usage has disrupted the gut microbiome of the animals in general, and impaired immune function [56]. Furthermore, increasing treatment resistance among pathogenic strains has emerged as one of the world’s most severe issues. The observations described above has given rise to a growing interest in the management of infections caused by antibiotic resistant pathogens by selectively targeting the disease-causing bacteria, without disturbing the commensal microbiota of the GIT [70].



Due to their immature immunological and digestive systems, chickens have poor nutrition utilization and low condition resistance. 44 bacterial strains have been licensed by the Food and Drug Administration (FDA) and Association of American Feed Control Officials (AAFCO) for use in fermented feed, which has improved animal husbandry [71]. By secreting chemical signals known as auto-inducers, which alter bacterial behaviour, bacteria are able to interact with one another across cells. Bacteria also utilize the quorum sensing mechanism of bacterial communication to communicate with their host. Probiotics may impact pathogenic bacteria’s ability to sense quorum, which could change how harmful they are [72]. For instance, fermentation products from L. acidophilus La-5 significantly reduced the extracellular secretion of a chemical signal (autoinducer-2) by human enterohaemorrhagic E. coli serotype O157:H7. This led to the in vitro suppression of the expression of the virulence gene (LEE, locus of enterocyte effacement). This interferes with quorum sensing and stops E. Coli serotype O157:H7 from colonizing the GIT [73].



In order to mitigate the concentration of ANC, cereals and vegetables commonly used in broiler feed are most often subjected to fermentation and then fed to the animals [73]. Fermented mixed feed had lower pH, phytic acid, trypsin inhibitor, and β-glucan concentrations, compared to unfermented feed. Fermentation increased crude protein content, but unfermented mixed feed contained higher molecular mass proteins (60–120 kDa) [68].



Fermentation of feed introduces beneficial bacteria like Lactobacillus and Bifidobacterium to the gut. These microbes compete with harmful bacteria for space and resources, promoting a healthy gut balance. The analysis reveals positive correlations between intestinal morphology and certain bacteria related to gut health, while negative correlations exist with bad microorganism. Fermentation improves feed safety by preventing the growth of pathogenic bacteria [74].



The diverse habitats that make up the gastrointestinal lumen’s various segments’ distinct functions are reflected by them. Additionally, the gut lumen has a variety of habitats that could add to the microbiota’s spatial variability [68]. The most listed chemical gradients (like, pH, bile concentrations, etc.), nutritive molecules availability, and immunological interactions are some of the possible causes of this heterogeneity [75]. The upper section of the gut is thought to have a bacterial density of 10–103 bacteria per gram of stomach and duodenal contents, in the ileum and jejunum, it rises to 104–107 bacteria/gram of content [76].



The broiler intestinal health is very broad and relies on an understanding of nutrition, intestinal morphology, and gut microbiota [77]. All of these components interact with one another to ensure the appropriate functioning and dynamic balance of the GIT lumen (Figure 3). The intestinal histological structure has a crucial impact in the GIT’s ability to move nutrients from the lumen into the systemic circulation. As shown in Figure 3A, the gut mucosa functions as both a physical and immunological defensive barrier. The barrier is primarily composed of the mucus layer, biofilm, microorganism metabolites, and secretory immunoglobulin A (sIgA) molecules, which are linked to the specialized epithelial central single cell layer with the epithelium’s tight junction proteins (ETJP) and the inner lamina propria, which is made up of immune cells, loose connective tissue, blood vessels, and lymphatics [78,79]. Goblet cells secrete high molecular weight glycoproteins, known as intestinal mucous layer [80]. Enterocytes, goblet cells, and other specialized cells form a continuous and polarized monolayer. It separates the lumen of the intestine and lamina propria. In the absence of specialized transporters, cell membranes are impermeable to hydrophilic solutes, limiting their transit through ETJP. Diffusion and endocytosis are the primary mechanisms for lipophilic or large-molecule absorption [79]. Junctional complexes govern the transport of molecules between ETJP. Generally speaking, there are two ways that nutritional compounds can go from the intestinal lumen to the subepithelial space: transcellular and paracellular [81]. Large antigenic molecules, lipophilic substances, and nutrients will prefer the transcellular pathway. It assumed binding to certain transporters, endocytosis, or passive diffusion to move molecules across the ETJP. Ions, particularly cations, and tiny hydrophilic molecules (<600 Da) will leave the lumen by paracellular transport pathway. These substances will diffuse via the intercellular gaps between neighbouring IECs, with the TJs acting as the rate-limiting step for epithelial permeability [79,82]. Fermented feed contains small molecules with molecular weight less than 600 Daltons, like amino acids, monosaccharides, antioxidants like vitamin C or polyphenols, SCFA. These molecules are easily absorbed by villus enterocyte which is the absorptive surface of the intestines. Also, the study prove that increased dimensions of intestinal villi are connected with an increase in the absorbent surface of the intestines as well as the absorbing rate of the intestine [80]. Good microbiome is preserved by competition with the pathologic microorganism (Figure 3A).



So, intestinal morphology (like, villus height, crypt depth) changes in response to exogenous agents, such as the presence or lack of good nutrient feed or pathological circumstances. Based on the previous presented fact, fermented food is quickly absorbed from the lumen of the intestine, also stimulate the peristalsis of the intestine. Also, unfermented feed stays longer time in the intestine and the presence of ANC conduct to modification and pathology development like inflammation, villus atrophy, corrupted epithelium’s tight junction proteins (ETJP), and goblet cells perturbation and decreasing in mucous layer secretion represent an unwanted scenario having dramatic consequences on broiler health (Figure 3B). Mucous layer is protecting the enterocyte and, in its absence, the perturbance of microbiome appear and together with pathological microorganism metabolites can pass from the intestine lumen complicated even more the broiler health. The decreased number of healthy microbes allow the development of the rest of the unwanted bacteria and yeast. The important concentration of ANC (like, protein-tannin complex, metal—starch—phytate complex, inhibitor—enzyme complex) overlap existing problems (Figure 3B).



The gastrointestinal tract (GIT) microflora is primarily composed of bacteria, with minor populations of fungi and protozoa. Because different bacterial species have distinct growth requirements and substrate preferences, the chemical content of diet might affect the composition of microflora in GIT. Fermented feeds promote wellness by lowering feed viscosity [82]. Fermented barley, wheat, oats, and rye diets substantially raised caecal butyrate and propionate levels. Nutrient degradation and solubilization enhance accessible substrates for microbial fermentation in the intestine, including oligosaccharides and monosaccharides. Increasing of short-chain fatty acids (SCFA) from digestion due to fermented substrates promote the growing of the healthier microflora (for example, Lactic Acid Bacteria (LAB)) [83]. Other study showed that certain beneficial bacteria can synthesize essential vitamins and SCFAs, further contributing to broiler health and growth. The number of LAB adhering to the gut mucosa forming biofilm is more developed when the number of benefic bacteria increased and significantly dropped in the case of pathologic case. The lately situation conduct the formation of pathogenic microorganism biofilm [84]. Similarly, in the presence of prebiotic compounds, which pass undigested, the growth of beneficial bacteria is promoted [85].



Many research indicate that fermented feed may improve immune function [23]. A balanced gut microbiome can strengthen the immune system, making broilers less susceptible to diseases. The study conducted by [68] found that fermented feed, particularly 6% and 8%, significantly improved jejunum secretory immunoglobulin A concentration (sIgA is an important component of the immune shield) and jejunum morphology in laying hens, indicating its positive effects on gut mucosa barrier function and reducing adverse effects on gut health [24].



Figure 4 emphasizes the most important achievements of the present paper. Fermented feed decreased the concentration of ANC and enhanced the concentration of beneficial probiotics, enzymes and metabolites. Beside this, the fermentation process has acidic pH and molecules with lower molecular mass. Those factors stimulate gut microbiota by growing the number of good microorganism and regulation of the immune response. Healthy broiler chicken will improve growth performance (feed conversion ratio (FCR), body weights gaining (BW) and feed intake (FI)).





4. Conclusions


Proper control of fermentation parameters and the use of good quality practices are essential whatever fermentation techniques—liquid, solid-state, and ensiling—offering distinct benefits for enhancing vegetal-based feeds, including decreased concentration of antinutrient components. Tailoring the fermentation process to the specific substrate characteristics, selection of fermentation microorganism and conducting regular nutritional assessments ensure improved feed quality and safety.



Using fermented feeds in broiler nutrition has shown promising effects on growth performance and gut health. However, it’s essential to consider various factors, including feed composition, fermentation conditions, and the specific needs of the broiler production system. Fermented feeds often contain higher levels of beneficial microorganisms, most lactic acid bacteria. These bacteria can contribute to a healthier gut environment by stimulating and supporting a balanced immune response the host or exhibiting anti-inflammatory properties.



Studies suggest that fermented feeds can positively influence intestinal morphology, including increased villus height and crypt depth, which is indicative of better nutrient absorption. Fermented feeds may stimulate the production of mucin, a protective layer in the gut. This can contribute to a healthier gut lining and protection against pathogens.



Certain fermented feed components, such as prebiotics and short chain fatty acids, can influence the relative abundance of specific microbial populations, promoting a balanced microbiota. Fermented feeds may enhance the palatability of the diet, leading to increased feed intake and subsequently supporting growth performance.



Research in this field continues to explore optimal strategies for incorporating fermented feeds into broiler diets. The type and composition of the feed used in fermentation, as well as the specific fermentation microorganisms employed, can impact the outcomes.
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Figure 1. The ingredients involved in the fermentation process (wet milled vegetal material in the presence of microorganisms acting in specific pH and temperature conditions) are in correlation with four of the most important arguments for using fermentation to improve feed safety and quality for broiler nutrition. 
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Figure 2. The influence of fermenting plant material rich in anti-nutritional compounds on feed quality and implications for broiler health and, consequently, human health. (A) Most often found antinutritional complex in feed protein-tannin complex, metal—starch—phytate complex, inhibitor—enzyme complex; (B) Fermentation process enhancing feed quality and safety through microbial degradation of the complex compounds into smaller and easily absorbable compounds; (C) Highlighted products found in fermented feed like beneficial microorganism and antimicrobial peptides, metal ions, antioxidants, vitamins, short chain fatty acids, amino acids; (D) consequences of administration of fermented feed to broiler and humans as final receiver. 
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Figure 3. Intestinal cytoprotective effect of fermented feed (A) and unfermented feed (B). Probiotic and prebiotic condition and stabilizes the gut structure; reduce pathogenic bacteria, increase small molecules content (amino acids, monosaccharides, antioxidants like vitamin C, polyphenols, SCFA) and free ions (Mg2+, Ca2+, Fe2+, Zn2+); increases the number of beneficial bacterial metabolites like bacteriocins; stabilize mucus layer; (A); unfermented feed promote longer period for digestion of protein—tannin complex, and metal—phytate complex, increased of inhibitor—enzyme complex, enterocyte villus atrophy, inflammation via pathogenic bacteria metabolites, development of pathogen microorganism on account of the fall in good bacteria number, goblet cells perturbation with the result of diminishing of mucus layer secretion (B). 
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Figure 4. Intercorrelation between gut microbiota and growth performance under the influence of fermented feed in broiler chicken. 
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Table 1. Antinutrient components found in plants, side effects and biotechnological solutions to mitigate them.
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	Vegetal Matrices
	Antinutrient Components (ANC)
	Side Effects of Antinutrient Components
	Biotechnological Solutions for Antinutrients Mitigation
	References





	Soybean
	Trypsin inhibitors, phytic acid, saponins and lectins
	Reduce the digestibility and absorption of the nutrients in the animal organism
	Fermentation in the presence of Lactobacillus plantarum reduced the anti-nutritional factors in the milled soybeans
	[31,32,33]



	Corn
	Phytate, tannins and polyphenols
	Bind dietary minerals in the gastrointestinal tract, decreasing their bio-accessibility and bioavailability
	Fermentation with L. plantarum A6, L. brevis G11, L. brevis G25, L. fermentum N33, L. fermentum N25, L. buchneri M11, and L. cellobiosus M41, reduced the antinutritional factors.
	[29,34,35,36]



	Sorghum
	Tannin (phenolic compounds), and dhurrin
	Affect the growth, feed intake, digestion of protein, egg production, and deformities of the legs of broiler chickens
	The two-step procedure of sinking in a NaOH solution and fermentation (using L. bulgaricuss, L. casei, and L. brevis) lowers the ANC and enhances the nutritional composition.
	[37,38,39,40,41]



	Barley
	β-glucan
	Decrease digestibility, form gels in aqueous media and excretion of sticky droppings
	Fermentation of barley with Rhizopus oligosporus, and supplementation with β-glucanase reduced ANC
	[42,43]



	Wheat
	Phytate, protease inhibitors, tannins, lectins, alkaloids, and oxalate
	Reduces the bioavailability of essential micronutrients such as iron and zinc
	Fermentation (Bacillus sp. TMF–2) as well as genetic engineering led to the reduction of ANC
	[44,45]



	Oats
	Phytate, tannin, and oxalate
	Disrupt the stomach’s normal functioning and prevent nutrients from being absorbed.
	Saccharomyces cerevisiae fermentation, germination, de-branning, autoclaving, soaking reduced ANC
	[46,47]



	Rye
	Water-soluble pentosans
	Clogged digestive tract with a viscous pentosan solution that prevents food nutrients being absorbed; esophageal and gastric blockages
	Fermentation with 1k2079 L. plantarum, 1k2103 Pediococcus pentosaceus, and 1k2082 L. lactis enzymes seem to reduce ANC
	[48,49,50]



	Alfalfa
	Saponins
	Growth rate retardation
	Fermentation with LAB reduced ANC
	[51,52,53]










 





Table 2. Examples of microorganisms used for preparation of fermented feed corelated with some growth performance parameters.
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Fermented Feed Microorganisms

	
Vegetal Matrices

	
Effects of Fermented Feed Groups Compared to the Control Group

	
References




	
Growth Performance Parameters

	
Other Parameters






	
Lactobacillus casei (C37M41)

	
Corn, soybean, and wheat, 6:2:2 (w:w:w)

	
- ↗ BW during the first 21 days days for broiler treat with fermented feed in concentration of 3 kg ∙ t−1

↗ FCR during 0–42 days for broiler treat with fermented feed in concentration of 0.3 kg ∙ tone−1

	
- ↙ pathogenic microorganisms (phylum Delsulfobacterota and class Desulfovibriona and Negativicutes)

- ↗ beneficial microorganisms like Lactobacillaceae family

	
[21]




	
Bacillus amyloliquefaciens

	
Rice bran

	
- ↗ fermented feed consumption in the first three weeks,

- ↗ FCR at the first three weeks of the feeding trial and BW

	
Zero mortality recorded during the experiment

	
[60]




	
Lactobacillus and Bacillus subtilis

	
Corn, soybean, cottonseed, and rapeseed (different ratio)

	
- ↗ growth performance after addition of 10% fermented feed, in the first 21 days

- ↗ growth performance after addition of 5% fermented feed in 0–42 days of broiler life

	
- ↗ breast fat

- ↙ cholesterol content in broiler meat

- ↗ immune factors like IgM, IgG, and interferon-γ

	
[26]




	
Streptococcus alactolyticus, Lactobacillus acidophilus, Lactobacillus reuteri

	
Astragalus powder

	
- ↗ Final BW and ADG and ↙ F/G ratio for fermentation feed group compared to control and unfermented feed group

	
- ↗ serum IgA and IgG, serum albumin, serum total antioxidant capacity

- ↙ serum and liver tissue malondialdehyde on day 28 and day 42.

	
[27]




	
Bacillus licheniformis

	
Corn–soybean (different ratio)

	
↗ growth and digestibility for fermented feed group compared with other tested broiler groups

	
- ↗ duodenal and ileal villi heights

- crypt depths weren’t not altered

	
[67]




	
Aspergillus oryzae 3.042

	
Soybean

	
- ↗ Fermented feed broiler presented growth and feed conversion promotion compared to another tested group

	
- ↗ activities of trypsin, lipase, and protease in the intestinal content

	
[59]




	
Bacillus spp., Lactobacillus spp., Saccharomyces cerevisiae

	
Corn, soybean and wheat bran, 6:2:2 (w:w:w)

	
- ↗ nutrient absorption;

- ↙the abdominal fat rate and the muscle fat

	
- ↙ feed pH value and anti-nutritional factor concentrations

- ↗ good bacteria like Parasutterella, Butyricicoccus and Erysipelotrichaceae

	
[68]








Average daily gain—ADG; feed to gain ratio—F/G; ↗ means increased; ↙means decreased
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