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ABSTRACT: The growing challenge of drug-resistant microbes emerging from increased antibiotic use
in livestock production has prompted bans and intensified research into natural feed additives for
sustainable and improved animal production. While probiotics (live bacteria) have been commonly used
to enhance animal health and growth, heightened concerns about probiotic stability and propensity to
transfer the antibiotic resistance gene, limit their efficiency and viability. Currently, postbiotics are emerging
as the more stable and natural alternative gut health promoters, in the light of their potential to increase
nutrient intake, absorption, growth, fertility, and carcass quality. Postbiotics are beneficial left-over wastes
(byproducts and compounds) from the metabolism and digestion of probiotics and prebiotics (substrates
for live bacteria) in the gut. Postbiotics include antimicrobial peptides that slow down the growth of harmful
bacteria, short-chain fatty acids that help healthy bacteria flourish, amino acids, microbial cell fragments,
extracellular polysaccharides, and vitamins B and K. Emerging evidence suggests that postbiotics may offer
environmental benefits in mitigating microplastic contamination and reducing methane emissions in
livestock production. This review examines existing gaps in the light of current knowledge on postbiotics
and their impact on animal health, milk production, carcass quality, and reproductive outcomes in livestock,
and proposes future research direction to foster a better understanding of the role of postbiotics in
enhancing sustainable monogastric and ruminant livestock production.
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Highlights

e Postbiotics offer greater stability than probiotics, hence better alternatives to antibiotics in livestock production
e Postbiotic supplements enhance livestock health, dairy and meat production through improved gut health

e Postbiotics enhance environmental sustainability via reduced microplastic contamination and methane emissions

e Further research on optimal dosage in single and combined diets with feed additives and mechanisms of action
in diverse livestock is needed

1.0 Introduction

The global population is estimated to exceed 9 billion by 2050 (Gu et al., 2021). This necessitates innovation from the
livestock industry so as to meet growing demands for ruminant products, especially in developing countries, where
median incomes have increased and fostered dietary shifts (Jia et al., 2023). The livestock industry is a major contributor
to global food security and rural economies, meaning that sustainable management practices must be adopted to
remain relevant (Yitbarek, 2019; Henchion et al., 202I). Specifically, the livestock sector must improve animal
productivity and ensure that product quality aligns with consumer preference for healthy, antibiotic-free, and
sustainably produced foods (Ponnampalam & Holman, 2023). For ruminants, sustainability is driven by the duo of
nutrient conversion efficiency and health-beneficial rumen microbiome. These two key drivers can be optimised by
livestock producers through innovative feeding technologies and interventions with postbiotics.

Postbiotics are non-living bioactive compounds, that are effective natural alternatives to probiotics and antibiotics in
livestock feeding systems (Sanli, 2024). Postbiotics are preferred for improving milk production and ruminal efficiency
(Thomas et al, 2023), animal health and performance (Sharma et al., 2020), while antibiotics are regulated and
discouraged in many markets and production regions. Unlike probiotics which pose risks of antibiotic-resistant genes
and are sensitive to environmental conditions, postbiotics are stable, non-toxic, and offer consistent health benefits by
promoting beneficial bacteria and inhibiting harmful pathogens within the gastrointestinal microbiome (Liu et al., 2023).
Postbiotics have been reported to have anti-inflammatory, antioxidant, and immunomodulatory properties (Liu et al.,
2023; Sanli, 2024). Studies in poultry have shown that supplementation with postbiotics Lactobacillus plantarum strains,
RS5, RII'| and UL4 can improve egg quality, production performance, faecal parameters and plasma cholesterol in laying
hens (Loh et al., 2014), growth rates, immune responsiveness, caecal microbiota and volatile fatty acids in broilers
(Kareem et al., 2015; Kareem et al,, 2017), mitigate the adverse impacts of heat stress, improve antioxidant enzyme
activity, lipid profile and meat quality in broilers (Humam et al., 2020). These positive outcomes were purportedly
propelled by postbiotic antibacterial metabolites such as organic acids and bacteriocins, and their inhibitory effects on
pathogenic bacteria proliferation (Nakamura et al., 2012; Nguyen Tien Thanh et al,, 2010). Supplementation with
postbiotic metabolites of Lactobacillus plantarum strains was associated with lower cooking loss and enhanced
nutritional value with a positive impact on egg production (Choe et al., 2012) and broiler meat quality (Humam et al,,
2020). Furthermore, piglets supplemented with postbiotic strains of Lactobacillus plantarum L-137 exhibited stronger
immune responses and improved growth, particularly during the finishing stages (Tartrakoon et al., 2023).

There are comparatively fewer investigations of postbiotic effects on ruminant health, performance, and product
quality. Studies in dairy cattle have reported that supplementation with postbiotic fermentation products of the
Saccharomyces cerevisiae strain increased growth rates, gut health, fermentation, and milk production (Alugongo et al.,
2017; Coleman et al., 2023). Published reports on the effect of postbiotics in ruminant livestock are diverse and
inconsistent in the literature. For instance, supplementation of pre- and postweaning calves with Saccharomyces
cerevisiae fermentation products was reported to have no effect on liveweights or blood urea nitrogen, fatty acids,
insulin-like growth factor-1, glucose, and total protein, and it resulted in lower faecal scores in supplemented calves
than the control (Alugongo et al, 2017). In another ruminant study, the supplementation of veal calves with a
combination of Saccharomyces cerevisiae and Lactobacillus acidophilus fermentation improved growth rates and immune
system responsiveness (Thorsteinsson and Vestergaard, 2020). Supplementation of lactating goats with yeast
fermentation postbiotic products improved fibre digestibility and milk production, particularly protein and lactose
content, without affecting fat concentration or methane emissions (Fernandez et al., 2023). In weaning lambs,
supplementation with Lactobacillus plantarum probiotics led to gains in liveweight, nutrient digestibility, and fibre-
degrading bacteria without altering ruminal pH and blood lipid profiles (Izuddin et al., 2020). The variability in results
from the aforementioned studies may be attributed to diversity in postbiotic varieties, supplementation levels, and
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animal species. Understanding the contributions of these variables to postbiotic effectiveness is necessary for adoption
by the livestock industry.

In general, supplementation with postbiotics promotes livestock productivity and health. The mechanisms behind these
outcomes seem to be tied to enhanced nutrient digestibility (Izuddin et al., 2019b) and optimisation of the microbial
community with beneficial microbes within the rumen and/or gastrointestinal tract (Sharma et al., 2020). These
contributions are driven mainly by the production of volatile fatty acids (VFAs), especially propionic acid, a key energy
source that supports growth and fat metabolism in animals via its association with in vivo blood glucose (Liu et al,,
2023). However, critical areas such as the impact of postbiotic-driven VFAs on microbiome population balance, growth,
development, meat and milk qualities, the expressions of genes involved in production, reproduction and fertility,
microplastics and methane emissions, remain to be fully understood. There is an imperative, therefore, to review the
current literature and critique investigations of postbiotic supplementation and its effects on livestock health, growth,
reproduction, nutrient intake, and carcass quality. The aim of this review was to identify key research priorities
necessary to optimise postbiotic use in the livestock industry and the best practice to achieve sustainable and
productive livestock systems. Only studies dealing with livestock responses to postbiotic supplementation were
included in this review.

2.0 What are postbiotics?

When bacteria ferment plant polysaccharides, they produce postbiotics, including short-chain fatty acids (SCFAs),
i.e., acetate, butyrate, and propionate. The effects of these SCFAs vary based on factors such as the gut environment,
the host, dietary intake, and the types and amounts of SCFAs present. SCFAs, especially acetate and propionate have
been reported to have potential role to play in livestock production (Mirza et al., 2020). Thus, postbiotics include
short-chain fatty acids, exopolysaccharides, cell wall fragments, enzymes (Liu et al., 2023) as well as the
exopolysaccharides produced by probiotic bacteria (Liu et al., 2023; Sharma et al., 2020). The specific benefits of these
varieties of postbiotics can vary based on the microorganism, their molecular makeup, and the microbiome of the host
animal. Ongoing research is essential to fully understand the role of exopolysaccharides in animal gut health, nutrition,
and the complex dynamics of the gut ecosystem. Rumen microorganisms produce a variety of microbial enzymes that
play a key role in the digestion, metabolism, and nutrient utilization in animals. These enzymes, particularly those from
Lactobacillus species, i.e., E-3, E-18, Cellulases and fermentum, are abundant and have antioxidative properties (Kullisaar
et al., 2002).

Postbiotics may be sourced from different microorganisms, the source of which may have implications on their
activities. For example, postbiotics from various Lactobacillus species, including L. acidophilus, L. casei, L. fermentum, L.
rhamnosus, L. paracasei, and L. delbrueckii, have proven effective for animal use (Islam et al., 2021; Liu et al., 2023; Sevin
etal, 2021). Indeed, research involving sheep, dairy, and poultry have investigated postbiotics produced by Lactobacillus
plantarum (Sharma et al., 2020), with most known postbiotics are derived from this particular strain (Sharma et al.,
2020). Postbiotics from other bacteria like Bifidobacterium species, Faecalibacterium prausnitzii, and Bacillus coagulans have
also been reported as viable supplements for animal use (Liu et al., 2023; Sanli, 2024). Moreover, postbiotics for animal
use have also been produced using yeast, i.e., Saccharomyces cerevisiae (Coleman et al., 2023; Thomas et al., 2023), and
fungi, i.e., Aspergillus oryzae (Kaufman et al,, 2021; Rius et al., 2022).

Bacteria and yeast generate liquid metabolites known as cell-free supernatants, which contain bacteriocins and organic
acids with antibacterial properties (Liu et al., 2023). These postbiotics play a vital role in promoting gut health by
facilitating the growth of beneficial bacteria and preventing the colonization of harmful pathogens within the
gastrointestinal tract of host animals (Liu et al., 2023). These postbiotics have been reported in livestock production
(Spaggiari et al., 2022). Despite their potential, the specific functions of cell-free supernatants remain largely unknown
in ruminants, as they are affected by factors such as microbial composition, growth conditions, and experimental design.
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Figure 1. A schematic diagram of the process of postbiotic synthesis from lactic acid bacteria in microbiological culture media
and gastrointestinal tract. SCFA, Short-chain Fatty Acids; EPS, Exopolysaccharides and CWF, Cell Wall Fragments.

3.0 Mechanisms of action of postbiotics

The microbiome of the gastrointestinal tract is a complex system that works in tandem with the gut mucosal immune
system to maintain gut health. Postbiotics play a crucial role in this process by modulating the host microbiota, reducing
inflammation, aiding digestion, regulating intestinal permeability, and supporting the immune system (Aghebati-Maleki
et al, 2021). They support the proliferation of beneficial bacteria while inhibiting pathogenic microbes in the
gastrointestinal tract (Sanl, 2024). Unlike probiotics, postbiotics are more stable under various environmental
conditions, such as changes in temperature, humidity, light, and pH (Izuddin et al., 2019b).

Postbiotics inhibit the formation of biofilms by pathogenic bacteria by affecting their quorum sensing communication
network (Hossain et al, 2021; Liu et al, 2023; Sanli, 2024; Yun et al., 2014). For instance, lipoteichoic acid and
peptidoglycan postbiotics from Lactobacillus plantarum have been shown to prevent biofilm formation by Staphylococcus
aureus (Tsai et al,, 2021). Postbiotics activate the mucosal immune system, helping to prevent and eliminate harmful
bacteria, such as Enterobacteriaceae (Izuddin et al., 2019a). They also create an acidic environment in the gut by lowering
the rumen pH, making it inhabitable for harmful bacteria (Sevin et al,, 2021; Wei et al., 2022).

Postbiotics antibacterial effects arise from their completion for the same binding receptors as pathogenic
microorganisms in the intestinal barrier as well as from their inclusion of antibacterial compounds, i.e., bacteriocins,
that deter the increment of pathogenic bacteria (Humam et al., 2021; Sevin et al., 2021; Wei et al., 2022). For example,
postbiotics from Lactococcus and Lactobacillus species have demonstrated antibacterial properties against pathogens
causing mastitis in dairy cattle (Bouchard et al., 2013; Malvisi et al., 201 6; Pellegrino et al., 2019). Furthermore, an invitro
study of anti-listeria properties of probiotics of Lactobacillus spp. demonstrated the biofilm removal activity of L.
monocytogenes, indicating their antibacterial ability that can be applied in livestock production (Moradi et al.,, 2019).

Exopolysaccharides, a component of postbiotics produced by the lactic bacteria Lactobacillus paracasei, support the
production of beneficial VFA, including butyric and propionic acids, when consumed by another gut microbiota (Dias
et al,, 2018; Izuddin et al., 2019a, 2019b; Martyniak et al., 2021). The production and absorption of propionic acid
enhance blood glucose levels, as propionic acid is a precursor to glucose. The rise in propionic acid and glucose levels
in ruminants, particularly dairy cows, helps regulate negative energy balance during the transition period (Coleman et
al,, 2023; Sanl, 2024). Additionally, propionic acid reduces hydrogen production in the rumen, which is crucial for
methanogens and methane production (Izuddin et al., 2019b; Jeyanathan et al., 2014). Long-term use of postbiotics can
lead to increased levels of blood total protein, because of the increased production of blood urea nitrogen (Sanli,
2024). However, postbiotics have not been reported to affect blood triglycerides, since they do not digest or absorb
crude fat (Izuddin et al., 2019b). Postbiotics also contribute to the development and enlargement of rumen papillae
(Izuddin et al.,, 2019a). These enlarged papillae increase the surface area available for nutrient absorption and facilitate
the adherence of beneficial microorganisms to the rumen wall.

Lipoteichoic acid is a postbiotic with potent anti-inflammatory properties that can benefit ruminants by modulating
their immune responses. It acts to reduce excessive inflammation by regulating the activity of macrophages, neutrophils,
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T and B lymphocytes, and monocytes (Liu et al.,, 2023; $Sanli, 2024). This postbiotic achieves its effects by controlling
cytokine production in intestinal mucosal cells and interleukin levels, which aids in reducing inflammation (Lee et al.,
2022; Liu et al., 2023; Sanli, 2024).

Ruminants naturally produce reactive oxygen species (ROS) during metabolic processes (Lin et al., 2018; Thibessard
et al., 2004). When the balance tips towards higher oxidant activity and reduced antioxidant defences, ruminants can
experience oxidative stress (Lombardi et al.,, 2017). This imbalance can result in tissue damage, potentially lead to
organ failure if not properly managed, as well as result in reduced meat and milk shelf-life and quality (Ponnampalam
et al., 2022). Postbiotic supplementation offers a promising means to ameliorate the effects of ROS, by enhancing the
activity of antioxidant enzymes such as catalase, superoxide dismutase (SOD), and glutathione peroxidase, which help
mitigate oxidative damage to DNA, tissues, and organs ($anli, 2024). For instance, a study by lzuddin et al. (Izuddin et
al., 2020) demonstrated that postbiotic of Lactobacillus plantarum supplementation increased serum and ruminal
glutathione peroxidase (GPX) enzymes in lambs. Meanwhile, Coleman et al. (Coleman et al., 2023) observed a
reduction in ferric reducing antioxidant power (FRAP) levels in plasma of Holstein cows fed with Saccharomyces
cerevisiae fermentation product postbiotic to 139 umol/L compared to control at 149 pmol/L. Postbiotic
supplementation has additional effects on ruminants. For example, an in vitro fermentation study has shown that
postbiotic from Lactobacillus plantarum RG 14 increases the population of cellulolytic bacteria such as F. succinogenes and
R. flavefaciens, in rumen fluid of goats, which are essential for digestion of dry matter (DM) and neutral detergent fibre
(NDF) (Izuddin et al, 2018). Similar research from the same group, found that long-term supplementation of
postbiotics from Lactobacillus plantarum RGI4 in lambs leads to lower leukocyte and platelet counts, indicating an
enhanced anti-inflammatory response to infections (lzuddin et al., 2019a). However, short-term supplementation of
postbiotics of Saccharomyces cerevisiae fermentation product was observed not to have the same anti-inflammatory effect
on Holstein cows (Coleman et al., 2023). This highlights the potential need for sustained supplementation to achieve
the desired immune-modulating effects in ruminants. Research to confirm this supplementation duration effect is
necessary to interpret postbiotic effects on livestock.

4.0 Benefits of Postbiotics on Livestock Production

4.1. Animal health

Animal health is a critical concern for the livestock industry in Australia, where health-related issues can lead to
substantial economic losses each year (Bell et al., 2018; Lane et al., 2015). Previously, antibiotic drugs were widely used
to combat these issues. However, the overuse of these drugs has contributed to antimicrobial resistance, prompting
restrictions to their use for promoting growth and health in animals (Sanl, 2024; Sharma et al., 2020). This has
prompted research towards finding natural alternatives for animal feed additives that are both safe for animals and
humans without compromising animal welfare (Sharma et al., 2020). The microbiome of the gastrointestinal tract plays
a vital role in animal health by supporting immune function, enhancing digestion and nutrient absorption, and preventing
the growth of harmful bacteria (Cristofori et al.,, 2021). When this balance is disrupted, it can impair gut barrier
function, leading to health complications and disease susceptibility in animals (Wu et al., 2022). In response, probiotics
and prebiotics have been investigated for use as natural growth promoters and preventive treatments for pathogens
in livestock (Lambo et al., 2021). Probiotics, which are live microorganisms, can improve livestock health by regulating
the gut microbiota, enhancing nutrient absorption, supporting immune responses, preventing inflammation, preventing
liver damage, and bone health, and enhancing brain function (Carpi et al., 2022; de Sire et al.,, 2022; Lambo et al., 2021;
Trzeciak and Herbet, 2021). However, environmental factors like temperature and pH can compromise their
effectiveness, limiting their large-scale use. Instead, postbiotics are more stable, resilient to environmental changes (pH
and temperature), and can be mass-produced without losing their beneficial properties (Hossain et al., 2021;
Thorakkattu et al, 2022). Studies have shown that postbiotics have immunomodulatory, anti-inflammatory,
antibacterial and antioxidant effects, helping to strengthen the intestinal barrier, promote nutrient intake, and maintain
a healthy gut microbiota (Fathima et al., 2022; Rius et al., 2022; Scott et al., 2022; Stofilova et al., 2022; Vinderola et
al,, 2022). They modulate the immune response to enhance well-being and downgrade foodborne pathogens in poultry
(Kareem et al., 2017). These actions show postbiotics to be a promising natural alternative to antibiotic drugs, with
comparative advantages to probiotics (Sharma et al., 2020).

Research has demonstrated the effectiveness of postbiotics in improving livestock health. For instance, supplementing
post-weaning lambs with postbiotics Lactobacillus plantarum RG14 led to increased rumen papillae height and width,
and reduction of pathogenic Enterobacteriaceae population in the jejunum without affecting beneficial lactic acid bacteria,
suggesting that postbiotics could assist in regulating the gut microbiome to support animal health by eliminating harmful
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pathogens (Izuddin et al,, 2019a). Similarly, a study of Lohman Brown layers found that the supplementation of
postbiotics metabolites of L. plantarum (TLI, RS5, RG14, RGI | and Rl |) lowered faecal pH, increased lactic acid bacteria
population in the gut, and reduced the prevalence of pathogenic Enterobacteriaceae (Loh et al, 2014). When
supplemented to broiler chicks, postbiotics Lactobacillus plantarum RG |4 combined with inulin was reported to increase
beneficial bacterial populations of Bifidobacteria and reducing Enterobacteria and E. coli pathogens populations in the
gastrointestinal tract (Kareem et al,, 2017). This combination also modulated the immune response by influencing
cytokine production (Kareem et al,, 2017). Research of piglets reported that postbiotic metabolites of Lactobacillus
plantarum supplementation reduced diarrheal incidents (Loh et al,, 2013) and prevented the colonization of the gut by
harmful pathogenic bacteria (Humam et al, 2021; Price et al, 2010). Postbiotics derived from Lactococcus and
Lactobacillus strains have also been shown to produce antibacterial compounds, i.e., bacteriocins, that restrict the
proliferation of pathogens that cause diseases like mastitis in ruminants (Malvisi et al., 2016; Pellegrino et al., 2019;
Sevin et al,, 2021). These examples demonstrate the potential application of postbiotics to enhance livestock health.
However, further research is needed to fully understand their mechanisms and optimize their use, especially in
ruminants. Studies should focus on identifying the most effective strain and dosages for specific conditions while
ensuring quality control for practical applications. Importantly research should assess the impact of postbiotics on gut
microbiome dysbiosis and eubiosis, especially looking into the influence of beneficially bacteria population. By improving
livestock health, postbiotics offer a real means to optimise livestock resilience and productivity in modern production
system.

4.2. Growth performance

Postbiotics play a crucial role in enhancing livestock growth by optimizing feed efficiency, improving nutrient intake
and digestion, and maximizing nutrient utilization (Fernandez et al., 2023; Xu et al,, 2023). They affect and regulate the
expression of genes that are associated with growth (Humam et al., 2019; Kareem et al., 2016). These benefits translate
into faster growth rates, ultimately improving overall animal performance. By harnessing the multifaceted roles of
postbiotics, producers can adopt more efficient and productive livestock management. Growth performance of
livestock affects feed costs, market access, production, management costs, reproductive performance and culling rates.
Postbiotics enhance feed efficiency by modifying metabolism, augmenting digestion and lowering bacterial enzyme
activity (Urban et al., 2024). This has real implications. For example, a study of Large White X Landrace pigs found that
feed conversion ratio (FCR) was correlated with growth traits (Arthur et al., 2009). Furthermore, by improving the
FCR for a steer by just 10%, a feedlot can significantly enhance its profitability. This improvement in FCR and residual
feed intake (RFI) resulted in cost savings of $0.14 and $0.05 per kilogram of gain, respectively. As a result, each steer
generated an additional profit of $34.65, demonstrating how growth performance and feed efficiency can lead to
substantial financial rewards in livestock operations (Retallick et al., 2013).

A study on post-weaning lambs found that supplementation with 0.9% postbiotic derived from Lactobacillus plantarum
RGI4 resulted in improvements to growth performance, nutrient intake, and nutrient digestibility (Izuddin et al.,
2019b). These benefits were linked to enhanced rumen fermentation characteristics, an increase in ruminal cellulolytic
bacteria populations, and favourable blood metabolite profiles (lzuddin et al, 2019b). An invitro study also
corroborated the findings that postbiotic Lactobacillus plantarum RG[4 contributed to better digestion by promoting
the regeneration of the mucosa and intestinal walls (Izuddin et al., 2018). Additionally, the upregulation of hepatic IGF-
I and ruminal MCT-1 mRNA facilitated greater IGF-1 production in the liver and more efficient uptake of VFA through
the ruminal epithelium (lzuddin et al.,, 2019b). In this same study, post-weaning lamb dieting on Lactobacillus plantarum
RGI4 had higher rumen papillae length and width, lower concentration of IgA in jejunum mucosa and population of
Enterobacteriaceae in the jejunum, downregulated the expression of proinflammatory cytokines, IL-13 and TNF and
anti-inflammatory cytokines, IL-10 mRNA and upregulated the expression of tight junction protein (TJP-1), claudin-
I (CLDN-I) and claudin-4 (CLDN-4) genes. In a similar study, lamb that were supplemented with postbiotics of L.
plantarum extract presented higher concentrations of serum and ruminal glutathione peroxidase (GPX) enzymes
(Izuddin et al., 2020). In addition, expressions of GPXI, GPX4, and Cu/Zn Superoxide dismutase (SOD) genes were
observed in Dorper lambs. In the same study, mechanism of regulation of rumen barrier function was observed through
the expression of tight junction protein (TJP), occludin (OCLD), claudin-1 (CLDNI) and claudin-4 (CLDN4). Based
on these studies, it was observed that postbiotics as a feed additive can improve ruminal epithelium growth, improve
serum and ruminal antioxidant activity, immune status, and upregulate the intestinal barrier function and hepatic
antioxidant enzymes to promote healthy gut that will promote growth of postweaning lambs.

Livestock must be resilient to various stressors, ranging from metabolic and nutritional challenges to pathogen
exposure, diseases, handling, transportation, and environmental pressures (Burdick et al., 201 I; Kaufman et al., 2021;
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Martens, 2023; Rius et al., 2022; Thomas et al., 2023). These stressors can negatively impact feed intake and weaken
the immune system, ultimately affecting growth (Izuddin et al., 2019b). For instance, weaning period is an important
stressor for young animals, heavily influenced by their nutrition and environment (Karakus, 2014). Stress during
weaning leads to reduced feed intake, which hampers growth rates and increases susceptibility to disease, thereby
diminishing post-weaning performance (Freitas-de-Melo et al., 2022; Izuddin et al., 2019b; Karakus, 2014). Similarly,
when young steers first arrive at a feedlot, the stress of transition can make them more vulnerable to illness, adversely
affecting growth rates and carcass quality (Burdick et al., 201 I). The transition period from prepartum to postpartum
in lactating animals is another stressful phase, often leading to negative energy balance (NEBAL) and a higher risk of
metabolic diseases, which in turn affects growth performance of primiparous dairy ruminants (Martens, 2023). Heat
stress further exacerbates challenges for both young and lactating animals, leading to decreased growth and
performance (Kaufman et al., 2021; Rius et al., 2022). In dairy cattle, post-birth stress, particularly from E. coli infections
in calves, poses a significant challenge (Galvao et al., 2005). Effective stress management is, therefore, essential for
enhancing animal production. This involves nutritional interventions aimed at boosting health and performance across
livestock species.

Postbiotics are being explored as potential feed additives that could replace antibiotics and complement probiotics,
with the goal of improving rumen fermentation, immune function, and nutrient intake, absorption and utilisation,
thereby improving livestock production through faster growth and development (Liu et al., 2023; Sanli, 2024). Although
systematic studies on the use of postbiotics in livestock are still limited, initial research has shown promising results.
For example, adding postbiotics to the diets of piglets, broilers, and layers has been associated with improved growth
performance (Kareem et al,, 2016; Loh et al,, 2014; Loh et al., 2010, 2013; Thu et al., 201 I). A study conducted by
Rius et al. (Rius et al., 2022) demonstrated that administering a postbiotic derived from Aspergillus oryzae to Holstein
calves under heat stress conditions enhanced energy-use efficiency, water absorption, and intestinal permeability. In a
different study conducted in heifers, feeding postbiotics of Saccharomyces cerevisiae fermentation product (SCFP) to
heat and humidity stressed animals improved their feed efficiency leading to greater body condition score (Thomas et
al,, 2023). Feeding postbiotics from cell wall products of yeast to new arrival cattle at feedlot has been shown to
enhance energy metabolism and nutrient utilization during immune challenges, without triggering lipolysis or muscle
catabolism (Sanchez et al,, 2014).

Stresses in the environment may arise as a result of inadequate nutrition, high temperature and humidity, metabolic
and infectious diseases, transportation and handling, physical and social separation from the dam which have the
potential to adversely affect growth performance, productivity, health and welfare of the animals. Previous studies have
reported the potential of feeding postbiotics to improve growth performances (Davis et al., 2004; Tartrakoon et al.,
2023) in livestock during stressful conditions (Kaufman et al., 2021; Rius et al., 2022; Thomas et al., 2023). The use of
postbiotics in livestock has shown meaningful promise in improving liveweight gain and growth by promoting cellulolytic
bacteria, which improve nutrient digestion and feed conversion efficiency. While previous studies focussed on poultry,
there is limited research on ruminants, especially beef cattle, goats, and sheep. To fully unlock the potential of
postbiotics in ruminants and integrate them into livestock management practices, this research gap must be addressed.

4.3. Milk production

The Holstein-Friesian dairy cattle have high genetic merit producing on average 6,000 litres of milk per year (Dairy
Australia, 2023). High milk production is critical to meeting the rising demand of burgeoning global population (FAO,
2023), but serious consequences of negative energy balance (NEBAL) affect high-producing dairy cows during
peripartum and postpartum, which can deplete energy reserves and lead to hormonal imbalances, metabolic diseases
and fertility decline (Ford et al., 2024; Martens, 2023; Tufarelli et al., 2024; Wang et al., 2024). NEBAL results from
decreased dry matter intake during peak lactation, leading to remobilisation of stored fat and glycogen (Anwar et al.,
2022; Martens, 2023). This raises non-esterified fatty acids (NEFA), contributing to metabolic issues like ketosis and
fatty liver disease, compromising milk production, reproduction and immune health (Abuelo et al., 2019; Anwar et al.,
2022; Bouvier-Muller et al., 2016; Churakov et al., 2021; Leduc et al., 2021; Stolcova et al., 2024). To address NEBAL,
farmers often supplement cattle with fermentable carbohydrates that can lower rumen pH (Huo et al.,, 1970), but may
also disrupt the microbiota balance of the rumen and cause dysbiosis (Chaucheyras-Durand et al,, 2012; Huo et al.,
1970). Postbiotics could have application in these circumstances, particular as they aid in the production short-chain
fatty acids, particularly propionic acid (Liu et al., 2023; Sanli, 2024). This improves blood glucose level which assists in
enhancing the energy status of lactating animal (Liu et al., 2023; $anl, 2024; Sharma et al., 2020). By enhancing energy
and nutrient efficiency, postbiotics can support milk production and prevent metabolic diseases in dairy animals during
peripartum and postpartum periods, making them a valuable feed supplement for modern dairy farming.
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Previous research has shown that adding postbiotics of yeast fermentation product to the diet of lactating dairy goats
can enhance both milk yield and composition (Fernandez et al., 2023). Specifically, in this same study, the inclusion of
yeast fermentation products was linked to increased levels of fat, protein, lactose, and nitrogen in milk. There was an
increase in propionate levels and increased digestibility of NDF and ADF. Nitrogen intake and excretion in faeces and
urine remained unchanged, but nitrogen content in milk increased. No changes were detected in DMI and ammonia-
N levels were lower for goats supplemented with postbiotics. These improvements were proposed to be achieved
through the promotion of better fibre digestibility, increasing ruminal propionate production, and reducing energy
losses typically caused by methane production. A study of lactating ewes revealed that supplementing their diet with
yeast product postbiotics, which are high in mannan-oligosaccharides, beta-glucans, and organic selenium, led to
enhanced energy balance, increased milk production, improved milk composition, and better oxidative status
(Christodoulou et al., 2023). Additionally, supplemented yeast product reduced the expression of proinflalmmatory
genes during the peripartum phase (Christodoulou et al., 2023).

In a specific study, supplementing Probisan-Ruminants® postbiotics at 8 g/day before calving and |5 g/day after calving
to primiparous and multiparous resulted in increased DMI and improved apparent tract digestibility of organic matter
and neutral detergent fibre (Vicente et al., 2024). In the same study, supplementation with both Probisan-Ruminants®
and Probisan-Ruminants-C® led to higher colostrum immunoglobulin levels and increased milk yield, with enhanced
fat and protein content. The supplementation of 38 g/day of Saccharomyces cerevisiae fermentation products (SCFP)
postbiotics has been shown to mitigate the severe impacts of grain-based subacute ruminal acidosis (SARA) on the
rumen microbiota, particularly affecting the fibrolytic and lactate-producing bacteria of the Ruminococcaceae and
Lachnospiraceae families (Guo et al., 2024). SARA affects microbial robustness leading to accumulation of organic acid
volatile fatty acid that reduces the rumen pH and digestive tract barrier function causing accumulation of toxic
immunogenic compounds of bacterial lipopolysaccharides (LPS) and histidine (Plaizier et al., 2012), resulting in reduced
milk production and efficiency of production (Guo et al., 2024).

A study found that the supplementation of postbiotics derived from Saccharomyces cerevisiae in combination with a
starch to dairy cows improved milk production (Dias et al., 2018). The cows produced more milk, including energy-
corrected milk (ECM), and had increases in both fat and protein content. The supplementation also raised propionate
levels, enhanced microbial nitrogen synthesis and increased rumen pH. Importantly, dietary nitrogen was more
efficiently incorporated into milk true protein without increasing dry matter intake. In addition, the treatment reduced
rumen ammonia levels, plasma haptoglobin, and rumen lactate concentrations. The improvements in milk yield were
attributed to better fibre digestion and greater microbial nitrogen synthesis (Dias et al., 2018). A study conducted by
Poppy et al. (Poppy et al., 2012) found similar results, although a decrease in dry matter intake was observed with
supplementation. During late gestation and lactation periods, sows that consumed yeast-derived postbiotics showed
increased backfat deposition and higher levels of lactose in their milk. Additionally, they produced more
immunoglobulins (A and G) and transforming growth factor-p, which are essential for improving immune function and
health of their piglets. By enhancing digestion, immunomodulatory effect, reducing oxidative stress, and improving
nutrient absorption, postbiotics contribute to higher efficiency in milk production (Coleman et al,, 2023; Fernandez et
al,, 2023; Malvisi et al., 2016). The aforementioned studies provide insight into postbiotics effects on lactating animals,
although the variability in their results, design, and the limited scope of these investigations suggest that further
research is needed. Although in vitro studies with mostly postbiotics from lactobacilli strains show promising results
on lactating animals, lack of sufficient data on in vivo studies, especially in ruminants, on milk solids, blood metabolites,
VFA, methane emission warrant elucidation. Importantly, there is a paucity of studies on the impact of postbiotics on
the saturated, monounsaturated, and polyunsaturated fatty acid profiles of milk.
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Table |. Effect of Saccharomyces cerevisiae postbiotic fermentation product supplementation on Holstein cows and

SOWS
Species Main Effect Reference
. No effect on dry matter intake, milk
. yield, milk composition, rumen pH, apparent digestibility,
milk fatty acid and body weight.
Holstein | e Increased amylase activity and microbial protein (Hristov et al., 2010)
synthesis in the rumen.
. Reduced rumen ammonia concentration
. Higher ADFI and BW.
Sow . No effect on IgA, IgG and lysozyme. (Tsai et al,, 2016)
) Reduced Clostridium perfringens.
Holstein | o Increase milk yield (Jiang et al., 2018)
. Increases Feed efficiency.
Holstein . Redl{ced milk fat content, ruminal acetate, and (Acharya et al,, 2017)
propionate.
o Milk protein and lactose percentages were similar.
. increased milk fat concentration.
Holstein | e Altered cholesterol metabolism. (Olagaray et al., 2019)
o Increased incidence of subclinical ketosis.

Note: ADFI, average daily feed intake, BW, body weight, IgA, Immunoglobulin A, IgG, immunoglobulin G.

Mastitis is a costly and prevalent infection of the mammary gland that impacts dairy producers via associated reductions
to milk yield, altered milk composition, reduced fertility, udder inflammation, and increased treatment expenses and
culling rates. Accounting for 38% of direct production costs, mastitis is influenced by factors like diet and gut health,
with animals in NEBAL particularly susceptible due to weakened immune defences (Das et al., 2018; Sharun et al,,
2021; Bouvier-Muller et al., 2016). Postbiotics could, therefore, offer an alternative to conventional treatments for
mastitis in dairy cows (Aghebati-Maleki et al., 2021). Postbiotics inhibit pathogens like Streptococcus by lowering
intracellular pH, disrupting cell membranes, and fostering a gut environment favourable to beneficial bacteria to combat
harmful microorganisms (Homayouni Rad et al., 202 1; Aguilar-Toala et al., 2018). Bacteriocins postbiotics break down
bacterial cells, inhibiting growth and vital bacterial functions (Galvez et al., 2007; O’Connor et al., 2020). Notably,
short-chain fatty acids such as propionate and butyrate stimulate growth of beneficial bacteria like Lactobacillus while
reducing growth of harmful species such as Enterobacter. This shift in gut microbiota strengthens the blood-milk barrier,
reduces inflammation, and lowers the expression of inflammatory genes, thus supporting mastitis prevention (Wang
et al,, 2024; Ali et al,, 2021). For example, Lactobacillus sakei postbiotics were reported to contribute to a > 70%
reduction in biofilm formation by pathogens like Staphylococcus aureus and Streptococcus agalactiae (Sevin et al., 2021).
While these findings are promising, research on postbiotics on mastitis is still developing. More in vivo studies are
needed to clarify the mechanisms, safety, and potential applications of postbiotics in mastitis prevention. Expanding
this research could unlock new ways to enhance dairy cow health through targeted microbiota support and immune
resilience.

4.4. Reproductive performance

Reproductive performance and fertility are economically important aspects of the profitable livestock production
(Bormann et al., 2006; Kumar et al,, 2017). In livestock production, fertility refers to ability of female to initiate
oestrous early, conceive and sustain a pregnancy when inseminated during ovulation with quality semen from the male
counterpart (Sasaki et al., 2016). Parameters for fertility are days open, calving intervals, conception rate, calving to
first service interval, services per conception, first-service conception rate, calving to conception interval, pregnancy
rate, nonreturn rate, neonate size, weaning weight, and quality semen (Bormann et al., 2006; Darwash et al,, 1997;
Kumaresan and Srivastava, 2022; Sasaki et al., 2016). Pregnancy occurs when viable egg is ovulated and inseminated at
the right moment, alongside a balanced hormone cycle of oestradiol and progesterone (Darwash et al., 1997). Follicle
development is driven by a complex hormonal system involving gonadotrophin releasing hormone, follicle stimulating
hormone, luteinising hormone, and oestrogens and progestins, along with ovarian inhibin (Otto et al.,, 2014). After
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conception, the embryo must produce enough interferon-tau to prevent luteolysis by blocking the activity of
endometrial oxytocin receptors (Kowalczyk et al.,, 2021; Madureira et al., 2024; Shabunin et al., 2019). Ruminants
experience significant embryo losses, for example, in dairy cows a combination of early to late embryo losses
approximate to 40% after 32 and 74 days of positive insemination (Moreira et al., 2001; Thatcher et al., 2019).

Clinical mastitis is a popular costly disease in the dairy industry, impacting not only the mammary gland but also
reproductive performance. It affects dairy cattle, beef cattle, goats, sheep, and swine (Gabli et al., 2019; Gerijets et al.,
201 I; Gerjets and Kemper, 2009; Kumar et al., 2017). In dairy animals, mastitis has been linked to poor reproductive
performance due to disrupted hormonal balance, reduced oocyte quality, fertilization failure, and an unfavourable
uterine environment (Kumar et al.,, 2017). Infected animals often develop fever, which raises cytokine levels, leading
to impaired oocyte maturation, disrupted uterine function, and hindered embryo development (Al-Katanani et al.,
2002; Hansen et al., 2004). Studies confirm that fever from bacterial infections, both positive and negative, directly
affects oocyte and embryo development (Al-Katanani et al., 2002; Gendelman et al.,, 2010; Wenz et al., 2001; Wilson
et al., 2008), while also indirectly harming reproduction by reducing feed intake and body condition (Maltz et al., 1997).

Postbiotics can effectively offer reproductive health benefits when supplemented to livestock (Diaz Cano et al.,, 2021;
Oguey and Thayer, 2024; Zaleska et al., 2015). Lactic acids, antimicrobial compounds, such as bacteriocins (Liu et al.,
2023; Sanli, 2024) and antioxidant (Aghebati-Maleki et al., 2021; Humam et al., 2021; Izuddin et al., 2020) inhibit harmful
bacteria, i.e., E. coli, Listeria monocytogenes, Salmonella typhimurium, Enterococci, Staphylococcus aureus and Trueperella
pyogenes (Choe et al., 2012; Hashem et al., 2024; Thanh et al., 2010), which cause uterine and mastitis diseases in
dairy animals (Deng et al., 2015; Pellegrino et al., 2019). When administered intravaginally, mixtures of Lactobacillus
sakei and Pediococcus acidilactici have been reported to reduce endometrial inflammation in postpartum dairy cows
(Ametaj et al., 2014; Deng et al., 2015).

Administering postbiotics derived from Pichia guilliermondii yeast to sows during gestation resulted in a higher number
of live-born piglets, and heavier litters with better survival rate that were weaned early (Oguey and Thayer, 2024). In
rabbits, postbiotics from lactic acid bacteria have been found to improve semen quality, with a higher percentage of
spermatozoa exhibiting acrosome integrity (Diaz Cano et al., 2021). Moreover, Lactococcus lactis, a probiotic that
produces antimicrobial and anti-inflammatory compounds, has been found to reduce uterine inflammation and enhance
fertility in buffaloes by decreasing endometritis (Hashem et al., 2024). Yeast supplemented to sows throughout their
reproductive cycle showed no significant effect on litter size (Kim et al., 2008). In cows, supplementation with
Saccharomyces cerevisiae yeast, the size of the first ovulatory follicle and pre-ovulatory surges of oestradiol tended to
be higher postpartum, however, no changes were observed in the days to first ovulation, the number of follicular
waves from parturition until ovulation, and the size of the first dominant follicle (Allbrahim et al., 2010). The variability
in results presented in the literature indicates that further research is needed to understand the roles of postbiotics
in livestock reproduction and fertility regulation. Research is needed to explore the varying effects of different
postbiotic strains, dosages, and administration methods across livestock species. Understanding these factors will help
optimize their use for improving reproductive performance and overall productivity in the industry.

4.5. Environment

The global demand for meat and dairy products is rapidly rising, driving the need for intensified livestock production
to maintain animal health and enhance growth (Rojas-Downing et al., 2017). However, climate change, driven by
methane, carbon dioxide, and nitrous gas emissions, poses significant risks to livestock production by affecting feed
quality, animal performance, milk yield, water availability, reproduction, and disease prevalence (Jeyanathan et al., 2014;
Kroliczewska et al.,, 2023; Rojas-Downing et al., 2017). To address this, policy makers are introducing incentives to
industry adaption, for example, the Australian government introduced Emissions Reduction Fund (ERF) to help
livestock producers reduce greenhouse gas (GHG) emissions (Black et al., 2021). To remain competitive globally,
producers must adopt sustainable practices that reduce methane emissions and maintain productivity for high-quality
livestock products (meat and milk). Research to reduce rumen methanogenesis is currently extensive, however, the
application of postbiotics to achieve this outcome remain to be confirmed.

4.5.1. Methane emission

Methane (CH4) has 28-fold more global warming potential of carbon dioxide and is a major contributor to emissions,
particularly from ruminants (Kréliczewska et al., 2023). Globally, enteric fermentation in ruminants is responsible for
about 30-40% of methane emissions (Lascano et al.,, 2012), with methane and nitrous oxide comprising 71% of total
agricultural emissions (Suybeng et al., 2019). Methane is usually produced during the process OF fermentation to
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produce VFA (Canto, 2024; Johnson and Johnson, 1995), leading researchers to explore ways to reduce
methanogenesis in rumen (Black et al., 202|; Kroliczewska et al., 2023; Lascano et al., 2012), including using postbiotics
and probiotics (Izuddin et al., 2019b; Jeyanathan et al., 2019) to manipulate rumen biochemical pathways to prevent
methane emission. The mechanism is, rumen indwelling methanogens use hydrogen (H>), a fermentation by-product,
to reduce CO; and produce CHjs (Jeyanathan et al,, 2014). However, postbiotics promote increased propionate
synthesis by Propionibacterium spp. that reduces molecular H; produced in the rumen, thus lowering methane
production and enhancing energy intake from the diet by the animal (Sanlh, 2024).

In lactating goats, postbiotics significantly reduced CH4 emissions by 46 g/kg of milk fat, 97 g/kg of milk protein, and 3
g/kg of milk, with no overall difference in daily emissions. This suggests postbiotic supplementation during late lactation
improves energy efficiency by reducing CH4 emissions relative to edible product yield (Fernandez et al., 2023). Lactating
primiparous cows feeding on a high-starch, high-fibre diet showed a numerical increase in CH, emissions when
supplemented with Propionibacterium, with a 27% rise in CH, intensity per kg of milk. In contrast, supplementation with
Lactobacillus bulgaricus or Lactobacillus pentosus had no effect on daily methane output and emission intensity (Jeyanathan
et al,, 2019). Early lactating dairy cows supplemented with active dried yeast of Saccharomyces cerevisiae did not affect
total CH4 emissions but tended to increase CH4 per unit of feed intake and energy output (Mufoz et al., 2017). In a
study conducted by Chung et al. (Chung et al., 201 1), non-lactating Holstein cows, feeding an active dried strain of
Saccharomyces cerevisiae yeast probiotics reduced CH4 emission intensity by 10%. Postbiotic supplementation in lambs
led to a lower population of ruminal methanogens and protozoa (Izuddin et al., 2019b). The lamb consuming postbiotics
had increased synthesis of propionate which was suggested to reduce methane production and improve energy
retention (Izuddin et al., 2019b). Since propionate production utilizes molecular hydrogen (H.), a key precursor for
methane, the reduced availability of molecular H, likely results in decreased methane formation, reflecting a decline in
the ruminal methanogen population (Sanl, 2024). These results indicate that postbiotics have the propensity to reduce
CH4 over probiotics in livestock, especially in ruminants of lactating animals. However, previous results on the effect
of postbiotics on CHj4 are inconsistent and conflicting, likely due to variations in strain, dosage, animal species, age,
physiological status, and production systems. A few previous studies have focused on dairy and young animals, with
limited research on beef and meat-producing livestock. Future research should aim to standardize the effects of
postbiotics in lactating animals and explore their impact on meat producing animals. This will help unlock the
commercial potential of postbiotics in the livestock industry and better understand their innovative benefits.
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Figure 2: The potential of postbiotics to modulate rumen biochemical pathways to enhance propionate
production that will decrease methanogenesis by utilizing available molecular hydrogen (H,). Adapted from
Jeyanathan et al., (2014).

4.5.2. Microplastics and nanoplastics

Plastics typically enter animals through ingestion, traveling from the mouth and oesophagus to the stomach and
intestines. Once absorbed into the bloodstream, these particles may contaminate milk, blood and muscle tissues. The
first signs of toxicity manifested in the gastrointestinal tract are dysbiosis, damaged intestinal mucosa, and affected
production of VFA and amino acids (Fackelmann and Sommer, 2019; Qiao et al., 2021; Xie et al., 2021). Previous
research has largely focused on micro- and nanoplastic pollution in aquatic environments, overlooking their impact on
livestock (Auta et al,, 2017; Wang et al., 2016). Understanding how these plastics enter the food chain through
livestock is critical for assessing risks to human health. This review explores the potential benefits of using postbiotics
in the livestock industry to mitigate the risks posed by micro- and nanoplastics contamination.

The increasing demand for plastics, particularly polystyrene, is expected to drive global plastic production to 33 billion
tons by 2030 (Bazeli et al.,, 2023; Yee et al,, 2021; Yin et al,, 2021). Polystyrene has a stable crystal structure and high
molecular weight make it a preferred choice across various industries (Bazeli et al., 2023; Yin et al., 2021). However,
this growth poses significant environmental and health concerns, particularly the rising accumulation of microplastics
and nanoplastics, which have been detected in animal-derived products such as fish and meat (Azevedo-Santos et al.,
2019; Geyer et al,, 2017; Kedzierski et al., 2020). Microplastics (up to 5mm) and nanoplastics (as small as 0.1 pm) (Alimi
et al,, 2018; Andrady, 201 |; Lee et al., 2015; Yin et al., 2018) can enter the gastrointestinal systems of animals (Jani et
al,, 201 1; Jin et al,, 2019; Qiao et al., 2021; Walczak et al,, 2015), leading to contamination of products intended for
human consumption (Azevedo-Santos et al., 2019; Kedzierski et al., 2020). Once absorbed, these plastics disrupt the
gut barrier, leading to microbial imbalances (dysbiosis) (Djouina et al., 2024; Fackelmann and Sommer, 2019; Hirt and
Body-Malapel, 2020; Xie et al.,, 2021), which can result in serious health implications for both animals and humans
(Bazeli et al., 2023; Chen et al,, 2019; Hirt and Body-Malapel, 2020). In livestock, this microbial imbalance can impair
essential functions like fibre digestion and nutrient absorption, affecting overall animal health, reproduction and
production.

The potential contamination of livestock industry with microplastics could potentially have devastating health
consequences (Lackner and Branka, 2024; Urli et al., 2023). Postbiotics, metabolites of inactive probiotics can help
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maintain gut barrier integrity and support immune function, potentially counteracting the harmful effects of
microplastic-induced gut dysbiosis and inflammation (Liu et al., 2023; Xie et al., 2021).

Since microplastics are known to disrupt the gut microbiome (Fackelmann and Sommer, 2019; Qiao et al,, 2021),
postbiotics could be effective in restoring microbial balance (Liu et al., 2023). Their antioxidant properties may help
mitigate the oxidative stress and cellular damage caused by these plastics (Humam et al., 2021; Izuddin et al., 2020).
Given these benefits, postbiotics could reduce the likelihood of microplastic-induced gut barrier permeability, a critical
concern in livestock exposed to these contaminants. However, more research is needed to explore the specific
mechanisms by which postbiotics could mitigate the effects of micro- and nanoplastics in livestock, especially in
ruminants. While previous studies have largely focused on the broader protective effects of postbiotics on gut health,
targeted research in this area could help safeguard the livestock industry from plastic contamination.

4.6. Postbiotics and carcass characteristics

The primary objective of the meat industry is to deliver products that meet modern consumers' expectations such as
health benefits, flavour, and juiciness — among other meat eating characteristics. Some factors affecting meat eating
include intramuscular fat levels, fat melting points, carcass pH decline rate, drip loss, meat colour, hot carcass weight,
retail yield, tenderness, juiciness, and flavour (Doski and Yaseen, 2023; Mohammed and Kareem, 2022; Mwangi et al.,
2019; Tripathi and Karim, 201 I). Fat deposition and the fatty acid composition of meat significantly contribute to these
eating characteristics (Malau-Aduli et al., 1998; Malau-Aduli et al., 1997). With the modern consumers increasingly now
aware of the contribution of these meat quality attributes to health and nutrition, the market demand now heavily
favours meat products that not only meet high sensory organoleptic standards but also offer health benefits. Therefore,
the meat quality characteristics of livestock carcass are essential, as it impacts on market demand and consumer
preferences.

In response to these evolving market demands, attempts by livestock producers in exploring natural alternative feed
additives for improving carcass characteristics and meat eating quality attributes are continuing and gaining momentum
(Wagner et al., 2016). The livestock industry is also investigating feed additives that can enhance both live animal
performance and meat quality characteristics (Sanchez et al., 2014; Tripathi and Karim, 201 1). While most previous
research on ruminant carcass quality has focused on probiotics, postbiotics remain largely underexplored in this area.
Current studies on postbiotics primarily centre on poultry, leaving a significant gap in knowledge regarding their
potential benefits for ruminants.

Research in heat-stressed broilers supplemented with postbiotics from Lactobacillus plantarum found no significant
impact on carcass Yield or individual organ weights such as breast, leg, wing, gizzard, spleen, and heart (Humam et al,,
2020). Studies using METALAC postbiotics and inulin + postbiotics observed no changes in carcass yield and quality
(Jansseune et al., 2024; Kareem et al,, 2015). Although carcass parameters like breast, thigh, and gizzard showed no
significant differences across treatments, abdominal fat was notably reduced in broilers supplemented with postbiotics,
and growth hormone receptor (GHR) and IGF-1 mRNA expression levels were higher (Danladi et al., 2022). Meat
quality aspects such as drip loss, pH, and colour remained unchanged with combined postbiotic and phytobiotic feeding
(Doski and Yaseen, 2023), though one study found that L plantarum postbiotics reduced drip and cooking losses
(Mohammed and Kareem, 2022). Additionally, dietary postbiotics significantly improved the relative weights of breast
and leg muscles at specific supplementation levels, yet overall meat quality indicators like water holding capacity, surface
and internal pH, and cooking loss showed no significant variation among treatment groups (Fang et al., 2024). While
the findings are promising, the variability in the data highlights a need for further research to clarify postbiotics' impact
on carcass yield and quality. Establishing a consistent foundation will enable farmers to use these insights as reliable
benchmarks to enhance meat production outcomes in poultry.

Previous studies in ruminants also show promise, but inconsistencies in results still remain. For example, a study
conducted by Sanchez et al. (Sanchez et al,, 2014) found that feeding yeast cell wall postbiotics to crossbred heifers
enhanced their energy metabolism. This improvement helped to reduce both lipolysis and protein breakdown, leading
to an increase in body weight of 8—11 kg. These results suggest that yeast cell wall postbiotic can play a key role in
promoting efficient weight gain in livestock that can be translated to carcass yield. Increase body weight affects meat
quality (Zomefo et al.,, 2023). Research by Tripathi and Karim (Tripathi and Karim, 201 1) indicates that feed additives
such as yeast products can improve live weight gain without compromising carcass quality, while also affecting the
composition of various primal cuts. A previous study by Geng et al. (Geng et al,, 2016) found that feeding active dry
yeasts and yeast cultures to a finishing bull improved growth performance. Finishing bull dieting on these yeast cultures,
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increased their intramuscular fat content increased by 40.38% and 43.17%, respectively. These findings suggest that the
addition of Saccharomyces cerevisiae yeasts to finishing bull could improve meat quality through intramuscular fat
deposition. On the other hand, a study by Hinman et al. (Hinman et al., 1998) found that yeast culture did not influence
any of the carcass characteristics measured of hot carcass weight and marbling but increased the propionate VFA. In
another study, feeding Saccharomyces cerevisiae fermentation product reduced hot carcass weight but had no effect on
the fat thickness at the |12th rib (Swyers et al,, 2014). The most striking effect of supplementing with Saccharomyces
cerevisiae yeasts (Dos Reis et al., 2024; Phesatcha et al., 2021), probiotics (Qadis et al., 2014; Rabelo et al., 2017), and
postbiotics (Izuddin et al., 2019b) is the significant increase in the production of VFA, particularly propionate. Volatile
fatty acids are key products of probiotic bacterial fermentation of polysaccharides (Liu et al., 2023). However, VFAs,
including acetate, butyrate, and propionate, are essential components of postbiotics (Liu et al, 2023). Notably,
propionate plays a vital role in hepatic gluconeogenesis, aiding in glucose production and thereby regulating
carbohydrate metabolism and inhibiting cholesterol synthesis (Bush and Milligan, 1971; Hood et al., 1972). Increased
ruminal production of propionate can enhance glucose production in the liver, which in turn supports fatty acid
synthesis and intramuscular fat, which are essential factors in improving carcass quality (Bush and Milligan, 1971). As
glucose serves as the primary carbon source for this synthesis, supplementing livestock diets with postbiotics can
improve meat quality by enhancing intramuscular fat (Smith and Crouse, 1984), a crucial grading criterion in markets
such as Australia, Japan, and the USA. Therefore, including postbiotics in animal feed may promote rumen fermentation
that enhances VFA production, ultimately improving carcass characteristics and overall meat quality in livestock.

5. Challenges and Future Directions

5.1. Research Gaps and Future Research Suggestions:

e Postbiotics as a Natural Feed Additive: Postbiotics offer a promising alternative to antibiotics and probiotics, supporting
animal health through immunomodulatory, anti-inflammatory, antibacterial, and antioxidant effects. However,
studies on their effectiveness, particularly in small and large ruminants, show mixed results. Further research on
their impact on rumen microbiomes, especially beneficial bacteria, is needed.

e Impact on Growth Performance: Growth performance is critical in livestock due to its effects on feed costs, carcass
quality, reproductive success, and production. Research on postbiotics in enhancing growth has mainly focused on
poultry, with limited insights into meat-producing ruminants like steers, sheep, and goats. More studies could clarify
their benefits in these animals.

e Milk Yield and Composition: VWhile postbiotics’ effects on milk yield, fat, protein, and related blood metabolites show
promise, particularly in the U.S. production systems, research in Australia’s pasture-based systems is limited. Key
areas needing investigation include mastitis mitigation, milk quality parameters, and milk fatty acid profiles, especially
long-chain polyunsaturated fats.

o Reproductive Health and Fertility: Reproductive success is essential in livestock, yet postbiotics’ role in fertility factors
such as sperm quality, ovulation, gestation intervals, and hormone regulation is largely unexplored. Their potential
to reduce oxidative stress in sperm and oocytes, and support key hormones like progesterone, FSH, LH,
prostaglandin and estrogen warrants further study.

o Carcass yield and Meat Quality: The consumer awareness of meat quality attributes to their health and nutrition is
growing. The influence of postbiotics on ruminant meat’s intramuscular fat, fatty acid composition, and sensory
organoleptic traits is an emerging interest that warrants further elucidation. Research has focused on poultry,
leaving a gap in the understanding of ruminants.

e Environmental Impact and Methane Emission: While the role of methane emissions in adverse environmental
outcomes is well known, research on how postbiotics might reduce these emissions in livestock production is
limited. Additionally, postbiotics may mitigate the effects of microplastics and nanoplastics in livestock, though the
mechanisms remain unclear and need further exploration for practical application.

Therefore, to fulfill the identified research gaps, the following objectives must be addressed:
I. Evaluate how postbiotic feed additives influence the microbiome of both small and large ruminants and determine
their effects on overall animal health.
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Investigate how feeding postbiotics to ruminants impacts growth traits, including live weight, body condition score,
feed conversion efficiency, and nutrient intake, absorption and utilization.

. Study the influence of postbiotic supplementation on lactation parameters, blood metabolites, and fatty acid profiles
in dairy animals. Additionally, explore the potential effects of postbiotics on reducing mastitis incidence.

. Analyse the impact of postbiotics on fertility metrics such as sperm quality, ovulation cycles, return to oestrus, service
per conception and calving intervals. Assess changes in key reproductive hormones including progesterone,
prostaglandin, luteinizing hormone, follicle-stimulating hormone, and estrogen.

Explore how postbiotic supplements affect carcass characteristics and meat quality attributes, such as intramuscular
fat, fat melting point, fatty acid profile, and sensory organoleptic characteristics.

. Assess the role of postbiotics in reducing methane emissions and microplastic accumulation in livestock products.

6.0 Conclusion

In summary, postbiotics represent a promising advancement for the livestock industry, with potential benefits
spanning animal health, productivity, reproduction, environmental impact, and economic viability. As bioactive
compounds generated by probiotics, postbiotics offer diverse advantages, from enhancing growth and fertility
outcomes to improving milk production and carcass quality. This review highlights their potential to support gut
health, immunity, and nutrient absorption, which translates into more resilient animals, improved feed efficiency, and
reduced disease risk, ultimately lowering the need for antibiotics and associated costs. However, there remains a
substantial knowledge gap regarding the effects of postbiotics on specific areas, including rumen microbiome, growth
traits in ruminants, milk fatty acid profiles, meat quality traits, methane emission, reproductive hormones and fertility
traits. Filling these gaps could pave the way for even more targeted applications, with profound, long-term
implications for livestock health and performance. Emerging research also points to the potential for postbiotics to
mitigate methane emissions and microplastic residues in meat and milk, addressing critical environmental and
consumer health concerns. As modern consumers increasingly prioritise healthy, antibiotic-free products, postbiotics
offer a great solution to this need. By addressing key challenges in livestock health, productivity, reproduction,
environmental impact, and economic sustainability, postbiotics hold significant value for farmers, researchers, and
industry stakeholders alike. Further research will be vital to unlocking their full potential in shaping a more sustainable
and profitable future for the livestock industry.
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