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Abstract

:

Every year in the United States, approximately 48 million people are affected by bacterial illnesses that are transmitted through food, leading to 3000 fatalities. These illnesses typically stem from food animals and their by-products, which may harbor dangerous pathogens like Salmonella enterica, Listeria monocytogenes, enterohemorrhagic Escherichia coli O157:H7, and Campylobacter jejuni. Factors that contribute to contamination include manure used as a soil amendment, exposure to polluted irrigation water, and contact with animals. To improve food safety, researchers are studying pre-slaughter intervention methods to eliminate bacterial contamination in live animals. While small ruminants are vital to global agriculture and income generation for small farms, traditional feeding practices involve supplements and antibiotics to boost performance, which contributes to antibiotic resistance. Hence, researchers are looking for friendly bacterial strains that enhance both animal and human health without impacting livestock productivity. The global trend is to minimize the use of antibiotics as feed supplements, with many countries prohibiting or limiting their use. The aim of this review is to provide a comprehensive insight on the antioxidant capabilities, therapeutic attributes, and applications of bioactive compounds derived from sweet potato tops (SPTs), rice bran (RB) and radish tops (RTs). This overview provides an insight on plant parts that are abundant in antioxidant and prebiotic effects and could be used as value-added products in animal feed and pharmaceutical applications. This review was based on previous findings that supplementation of basal diets with natural supplements represents a multifaceted intervention that will become highly important over time. By remarkably reducing the burden of foodborne pathogens, they apply to multiple species, are cheap, do not require withdrawal periods, and can be applied at any time in food animal production.
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1. Introduction


Every year, approximately 48 million people in the United States fall sick due to illnesses caused by foodborne bacteria, 128,000 are hospitalized, and 3000 others die. Common important foodborne disease agents in the United States food sector include Campylobacter jejuni, enterohemorrhagic Escherichia coli O157:H7, Salmonella enterica (non-typhoidal), Clostridium perfringens, norovirus, Staphylococcus aureus and Listeria monocytogenes [1,2,3,4]. Food animals and their products are the primary sources of these illnesses [5]. The gastrointestinal tract of food animals is a potent natural habitat for these opportunistic microbes [6]. A group of pathogenic microbial species travel the intestinal path asymptomatically; however, their expulsion in vast amounts can occur through defecation and then transmission by other vectors to agricultural produce and humans [7]. Most of the contamination is accelerated by using manure as a soil amendment, the use of polluted irrigation water and the contact of produce and animals [8]. The closeness of the human population to poultry and other food animals as well as pet animals facilitates the host–host transfer of enteric microbiota, which means that a “healthy microbiome” is necessary to block these transmissions, which lead to foodborne illnesses [9]. In highly populated areas, the complexity and diversity of food animals’ microbiome is a remarkable tool that can be exploited to mitigate the carriage of the bad bacteria that impact the safety of animal products [7]. Therefore, the current review aims to discuss how various pre-slaughter intervention approaches can be applied in the live animal to help eradicate bacterial contamination. In small ruminants, pre-harvest interventions are multifactorial practices involving the improvement of animal health and productivity, convenience, and the cost-effective analysis of their applications. The selection of “traditional” food safety interventions before slaughter incorporates emerging food safety issues, including antibiotic replacement, genome sequencing of microbiomes and cost–benefit analysis (Figure 1). These insights are supported by the work of Eli Metchnikoff, the Russian Nobel Prize winner who proposed that the gut microbiota is subject to manipulation owing to its dependence on diet. Hence, harmful pathogens can be replaced with beneficial microbes to improve the health of humans and animals and ultimately food safety [10].



On the other hand, small ruminants play a vital role in the income generation and food supply for small farm systems and global agriculture. Feed supplements and veterinary antibiotics have continually been used to enhance livestock farming and improve small ruminant performance. Among the feed supplements are feed antibiotics, which have taken a huge role for their utilization as growth promoters in animal diets [11]. The use of antibiotics in any setting contributes to the growing global threat of antimicrobial resistance, calling for strategic plans to preserve antibiotic efficacy while concurrently upholding food safety and security [12,13]. This means control of unnecessary use of antibiotics while discovering alternate ways to prevent infections. Livestock microbiota is assuming a focal point of concern for microbiologists, veterinarians, and animal nutrition laboratories in efforts to identify friendly bacterial strains with probiotic properties [10] There have been escalating discussions regarding microbial resistance to antimicrobials, the control and termination of antibiotic use as feed supplements, and consumer decline in demand for antibiotic-based foods. In 2010 alone, the total utilization of antibiotic drugs in food animals was estimated at 63,151 tons and escalating [12]. Significant knowledge has been gained through culture- and PCR-based techniques to obtain a more in-depth insight into thinner groups of bacteria or genomes, for example, erythromycin opposition in swine fecal isolates [14]. In fact, in the European Union, the consumption of antimicrobial growth promoters (AGPs) in the production of food animals was phased out in 2006, while in the US, the Food and Drug Administration (FDA) strongly restricted AGPs in the animal sector in December 2016. Health Canada addressed the same measures in December 2017, and this trend is anticipated in many countries across the world [15].




2. Burden of Pathogens in Small Ruminant Source Foods


Foodborne illnesses reported from meat and meat product sources account to a great economic and public health safety concern [16]. Like many other animal source foods, such as eggs, poultry meat, pork, beef, and dairy products, small ruminant source foods in the United States continue to present potential food safety risks [17]. Foodborne pathogenic bacteria can be acquired from sheep and goat meat, although small ruminants account for relatively fewer cases compared to other meat sources [17]. Unlike a few decades ago, with the increasing production of small ruminants for meat and milk production, the association of goat and sheep meat with foodborne diseases is likely to grow more frequently. The health of meat goats and sheep is highly dependent on hygienic housing conditions, proper nutrition, and fencing; however, even with these factors addressed, perfectly healthy animals are not guaranteed [18]. Transmission and spread of disease agents occur mainly via two routes: ingestion of contaminated food, after which the disease pathogen establishes by proliferation and colonization of the gut, or the ingestion of bacterial toxins from toxigenic agents by the human host [16]. The ingestion of contaminated food with pathogens causes foodborne infections associated with a longer incubation period, while foodborne intoxications arise from the ingestion of food products with bacterial toxins, which are characterized by a short incubation period [16,19]. The second route of spread involves the direct contact of human skin with animals and their biological substances such as saliva, urine, fecal matter, milk, semen, and blood. This pathway affects meat handlers at slaughterhouses and processing plants as well as individuals in close contact with companion animals [20,21]. Poor hygiene at abattoirs has been reported as an avenue for contamination by pathogenic bacteria, including Campylobacter, Salmonella enterica, and Shiga toxin producing E. coli (STECs). These pathogens may ride in fecal material, inside the GIT or the hides and skin of animals presented for harvest and can be transferred to the carcass during skinning and evisceration. Furthermore, carcass contamination specifically occurs when contaminated materials such as knives, workers hands, skin and fecal material has direct contact with meat during slaughter operations [22,23]. For instance, within the US, Mexico and the Bahamas, a study found a Salmonella enterica frequency of 17.1% (n = 339) and E. coli O157 was detected at 1.5% (n = 266) in small ruminant hide surfaces [23]. Another study found the presence of Salmonella enterica on the hide and feces of show goats and lambs. While stock show animals are not a primary concern for the meat supply, they ultimately end up being slaughtered [24]. Hygiene and sanitation at abattoirs, livestock shows and exhibitions where small ruminants are in direct contact with people should be emphasized to reduce the risk of pathogen contamination and ultimately on the carcasses during harvesting.



This study focuses on foodborne pathogens from small ruminant (goats and sheep) gastrointestinal tract (GIT) that compromise the health of the public by finding their way into food sources of both animal and plant origin.




3. Global Threat of Antimicrobial Resistance


Antimicrobial resistance (AMR) is a phenomenon of antimicrobial drugs becoming ineffective in stopping and killing the bacteria they are designed to kill or stop from multiplying. Multidrug resistance in both human health and veterinary medicine has elevated to disturbing levels in many parts of the globe and is now perceived as a significant rising risk to worldwide public health and food security [25]. Antimicrobial resistance is a global threat, with new mechanisms of antimicrobial resistance spreading across continents at a speedy rate. The World Health Organization (WHO) has declared the AMR scourge a global emergency due to recent evolution of pan-resistant organisms, and it is postulated that if nothing is done by the year 2050, AMR will kill 10 million people annually worldwide outnumbering cancer because the antimicrobials available now would not be effective anymore [26,27,28,29]. One of the significant concerns is that AMR may compromise certain contemporary medical procedures [30] and essential treatments, like surgery and transplants, which heavily rely on antibiotics [31]. Earlier research indicates that the majority of deaths and surgical failures happen because of early posttransplant infections [32]. In addition, treatments like cancer chemotherapy weaken the patient’s immune cells, making them vulnerable to infections. In a global situation where antimicrobial drugs become ineffective, such therapies would become extremely risky and ineffective [33].




4. Growing Global Interest in Small Ruminants as a Food Source


Small ruminants, like sheep and goats, are becoming an increasingly popular food source worldwide for various reasons. Their ability to graze on vegetation that is inappropriate for other kinds of livestock and their adaptability to harsh environments means that they are excellent for small-scale farmers in low- and middle-income countries (LMICs). The fact that small ruminants are easier to handle and process than other livestock, like cattle, contributes to the growing interest in them as a food source. This makes them a good choice for small farmers who do not have access to large processing plants. Additionally, organic and sustainable farming methods, which are gaining in popularity all over the world, are ideal for small ruminants.



In general, the adaptability, nutritional value, and sustainability of small ruminants are the driving forces behind global interest in them as a food source. Small ruminants are likely to play an increasingly significant role in meeting these requirements as the world’s population continues to rise and the demand for protein continues to rise. The global small ruminant numbers continue to proliferate, and goat production alone is beyond 1 billion [34]. Arid regions are home to more than 50% of the global small ruminating animals. Among these animals, goats and sheep play a central economic role, especially in the LMICs of Africa, Asia and Oceania [35]. Apart from being sources of domestic and commercial meat, milk and fiber production, small ruminants are regarded as sources of emergency income in these areas [36,37]. Small ruminants are an appealing source of animal protein for human consumption due to their ability to convert plant matter into high-quality protein. The production of dairy goats was estimated to be 218 million globally in 2017, with Asia leading with over 50% production. In the United States, dairy goat production was roughly estimated to be 4% in the same year. In a span of 10 years, the production of dairy goats increased by roughly 22%, yet the major income from global dairy goat farming is generated from the sale of meat and meat products [34]. The International Goat Association (IGA) has been offering supporting goat-related research since 1982 to maximize economic growth, alleviation of world poverty and promote prosperity while enhancing the quality of life. For the past 20 years, the IGA has been expanding its impact and service worldwide by connecting small ruminant research to producers, processors, and markets, mainly by running global conferences on goats [38]. Sheep and goat farming play a significant socioeconomic role, especially in low- and medium-income countries (LMICs); however, it has lately been facing huge threats, such as zoonotic pathogen sources and climate change challenges [39,40].




5. Small Ruminant Production in the United States


The demand for goat and sheep meat in the US is currently beyond production, mainly due to the rising settlement of immigrant families. Immigrant ethnicities such as Hispanic, Muslim, Africans, Caribbean, and Asian populations use goat meat for cultural functions and other festivals [41,42]. Prospects for the improved purchasing power of these ethnic families in the future are wonderful and call for expanded goat meat industry [41]. Goats are mainly reared for meat production, but can also be kept for dairy purposes, fiber, and livestock shows, as well as companion animals. Experimental models have also been used to promote clinical studies that evaluate the effect of dairy items on human health. Research has been conducted on the influence of various diets on sheep breeding. This involves feeding on probiotics, essential oils, and improved pasture to boost the nutritional qualities of cheese, fat, and flesh [43]. Maintenance requirements for small ruminants are easily affordable for many farms because small ruminants can be raised with little supplemental feed and fewer land resources. Besides being easy to care for animals, their production is profitable from land that has not been maximally utilized [42]. Organic production is labor- and cost-friendly, with emerging markets anticipated every day. According to the USDA (2011), farmers with fewer than 500 goats make a significant contribution to the nation’s overall goat production [44]. The state of Texas has the most goat farms in the United States, accounting for approximately 36.3 percent of all goats produced [45]. This could be because Texas’s climate and environment are suitable for goat farming.




6. The Link between Antimicrobial Use and the Emergence of Antimicrobial Resistant Bacteria in Food Animals


For over six decades, veterinary antimicrobials like aminoglycosides, tetracyclines, fluoroquinolones, glycopeptides, and sulfonamides have been employed in veterinary practice. However, their usage in livestock and humans has led to the development and spread of antimicrobial-resistant bacterial reservoirs [46]. Regardless of being asymptomatic carriers of pathogenic microbiota, food animals, companion animals, and other farm animals are susceptible to infections. Food and companion animals can transfer resistant microbes to their owners and to the public while also spreading pathogens to produce, agricultural environment and facilities increasing the incidence of resistant pathogenic bacteria to humans and act as a reservoir for human disease [47]. The emergence of antimicrobial resistance from commonly used antimicrobials that play a vital role in treating human illnesses, such as fluoroquinolones and third-generation cephalosporins for S. enterica and Campylobacter infections, has significant implications for public health [48]. In recent times, two factors of prescription antimicrobials have been notable in increasing the risk of resistance selection: the quantity of antimicrobials used and the utilization of doses that are too low or treatments that are excessively prolonged [49].



Recently, there has been escalating concern over the presence of drug residues in foods of animal origin as well as the potential effects of microbiologically active residues of veterinary antimicrobials on the human gut microbiome [50]. The presence of drug residues in muscle foods has been recognized globally, and their detection in live animals, feeds and animal carcasses at slaughter and retail products becomes a critical surveillance stage in residue control [51]. The primary factors related to residual effects of antimicrobials in edible tissues and animal products such as milk are animal age and use, and ignorance regarding withdrawal periods for regular and extra-label uses [52]. Further, antimicrobials in animal production have also been reported to cause drug toxicity and allergic reactions in humans [53,54].



The animal microbiota incorporates numerous nonpathogenic bacteria, but also opportunistic pathogens that may obtain and spread resistance genes inside the microbial network, primarily by horizontal gene transfer (HGT) [55,56]. Due to continued intensive prescription of antimicrobials to food animals, contaminated carcasses may harbor resistant bacteria such as E. coli. These antimicrobial resistant bacteria can donate the resistance genes to other commensal and pathogenic strains, putting human medicine into a post-antibiotic world where simple infections become untreatable [57,58]. Diet plays a key role in the ruminal resistome, its pathogenicity and abundance of AMR genes with potential consequences for human and animal well-being [59]. The exposure of foregut (rumen) and hindgut (rectum) microbiota to antimicrobials reveal perturbations within 3 to 14 days, with a long-term imbalance that persists for over 18 days after antimicrobial withdrawal [60]. Another study using 16s rRNA gene sequencing investigated the aftereffects of streptomycin injection on ruminal fluid and ruminal mucosa (RM) microbiota in goats in vivo. The results suggested alteration of both microenvironments by inducing increases in the diversity and richness of RM microbiota with significant expansion of Prevotella, Pseudomonas, Pedobacter, and Flavobacterium, which are regular members of biofilm communities attached to injured tissue [61]. Antibiotically distracted gastrointestinal microbiota needs an extensive amount of time to be reestablished to the original state, which may create major complications for the host [60]. Additionally, overuse and misuse of veterinary antimicrobials is a focal point in AMR due to selective pressures exerted on pathogenic and commensal bacteria [46,62].




7. Examples of Resistant Animal-Borne Bacterial Species


The antimicrobial effects of plant-based supplements on foodborne pathogens have garnered significant attention within the realm of small ruminant gut microbial diversity. Small ruminants, such as sheep and goats, are integral to many agricultural communities worldwide. Understanding and enhancing their gut health is crucial not only for the well-being of the animals but also for ensuring the safety of food products derived from them. Plant-based supplements enriched with bioactive compounds have been explored as potential tools to modulate the gut microbiota of these animals. These supplements exhibit antimicrobial properties against foodborne pathogens, contributing to improved gut health and ultimately enhancing the safety and quality of small ruminant-derived food products. This research underscores the intricate relationship between plant-based supplementation, gut microbial diversity, and the mitigation of foodborne pathogens, offering valuable insights into sustainable and health-conscious small ruminant farming practices.



Numerous studies have been published on the antimicrobial and antioxidant properties of various plant components. However, there is relatively little information on the impact of such components on the enhancement of probiotics and production of antimicrobial compounds from these probiotics against foodborne pathogens.



7.1. Salmonella enterica


Non-typhoidal Salmonella continues to pose a substantial burden on public health worldwide. In the United States alone, 26,500 hospitalizations and about 420 deaths are recorded annually according to CDC national Salmonella surveillance [63]. Specifically, S. enterica, a principal cause of morbidity and mortality, remains a tenacious zoonotic pathogen whose control in many parts of the world has been elusive. Over 2600 serotypes of S. enterica have been described, many of which demonstrated host specificity [64,65,66]. Both humans and animals, including small ruminants such as goats, are known to get sick from Salmonella [67]. After exposure and ingestion, S. enterica invades the intestinal epithelial lining of the ileum and colon, facilitating bacterial entry, either to cause neutrophilic gastroenteritis or subsequent damage to systemic sites and sepsis. It thrives in the intracellular niche, allowing intrinsic antimicrobial resistance and chronic colonization in rare cases [68]. Most cases are linked to food as the vehicle of exposure. Ground beef products are highly implicated due to the pathogen’s ability to survive within the lymphatic system and colonize the peripheral lymph nodes [69,70,71]. Consequently, efforts to address human exposure to S. enterica have heavily relied on production by regulators and food packers [72]. S. enterica is an important pathogen of food-producing animals and can be a problem in intensive farming systems. Producers suffer substantial production losses and animal wastage due to salmonellosis.




7.2. Listeria monocytogenes


The bacterial genus Listeria comprises 21 species of Gram-positive, motile, facultative anaerobic, non-spore-forming rods up to 2 µm in length [73,74]. Of these, Listeria monocytogenes (L. monocytogenes) has been extensively studied. L. monocytogenes is a facultative intracellular bacterium that can cause severe foodborne infection in humans and invasive diseases in animals, including farm ruminants [75]. In addition to asymptomatic carriage of the microbe, just like human listeriosis, small ruminants can also develop the disease and develop clinical symptoms including neurological and fetal infections [76]. L. monocytogenes is widely recognized as a possible microbial contaminant of raw small ruminant milk; however, there is a paucity of data on the presence, risk factors and contamination dynamics and public health data in small ruminant farms [77]. This pathogen is the causative agent of human invasive listeriosis, a disease characterized by severe bloodstream infections, meningitis and death in advanced cases [78]. Baher et al., 2021 reported potential for retailed goat and offal for harboring drug-resistant Listeria-related genes using PCR [79]. In addition, Silva-Guedes et al. (2022) found that fresh goat legs harbored antibiotic residues that could affect the meat microbiota, since microbial diversity was lower in samples with residues [79].




7.3. Escherichia coli


The foodborne pathogen Escherichia coli (E. coli), a frequent bacterial cause of foodborne and bloodstream infections worldwide, processes virulent traits that allow invasion, colonization and disease occurrence in humans and animals [80]. As a commensal bacterial species, E. coli is ubiquitous in the environment, colonizes the gut of apparently healthy mammalian and avian species, and a commonality of symptoms between humans and animals suggests that E. coli organisms are zoonotic [81]. Under susceptible conditions, patients develop symptoms ranging from severe diarrhea to hemolytic uremic syndrome (HUS) following ingestion [82,83]. Among extended-spectrum β-lactamases (ESBLs) producing Gram-negative bacteria, E. coli is considered the most abundant in host environments representing both an indicator pathogen and a predominant vehicle for resistance transmission in one health context [84,85]. A study published from Jordan in 2022 by Obadiat et al. reported small ruminants as reservoirs of colistin-resistant and mcr-1-positive E. coli that exhibit coresistance to critically important antimicrobials [86].




7.4. Campylobacter spp.


Campylobacter spp., primarily C. jejuni and C. coli, inhabit the gastrointestinal tract of mammals, including goats, sheep, and chickens [86]. Specifically, the foodborne pathogen Campylobacter jejuni, a leading cause of foodborne enteritis, is estimated to account for between 400 and 500 cases of gastroenteritis every year. C. jejuni commonly colonizes and invades the intestinal epithelial cells. In susceptible individuals, severe symptoms ranging from fever and severe abdominal cramping to bloody diarrhea manifest [87]. Campylobacter spp. have not been extensively studied in small ruminants compared to other food animals (majorly in poultry). However, the pathogen has been isolated from ovine carcasses and liver, intestinal contents and feces [88]. Furthermore, resistant Campylobacter has also been isolated from milk samples in sheep and goats in previous studies. Resistant strains have also been reported, especially in sheep isolates, suggesting that Campylobacter exposure to antimicrobials used in both human and veterinary medicine exerts strong selection pressures known to promote the emergence and rising prevalence of antimicrobial-resistant Campylobacter [89].




7.5. Clostridium perfringens


The human and animal enteric pathogen Clostridium perfringens has been linked to several human and animal-associated intestinal complications, including food poisoning and preterm necrotic enterocolitis, throughout the past decade. Advances in genomic tools make it an ideal time to reexamine this clinically important human and veterinary pathogen [90,91]. C. perfringens is a spore-forming gut bacterium that resides naturally in the soil and intestinal tracts of apparently many healthy warm-blooded animals, including small ruminants. C. perfringens-mediated infections are a frequent problem in the food industry due to the ubiquitous nature of the pathogen that plays a role in its ability to grow and survive in foods and pathogenesis [92]. C. perfringens genotypes A, B, C, D and E produce lethal toxins that cause enteric diseases such as clostridial abomasitis and enteritis in goats and sheep [91]. In small ruminants, moderate-to-severe enterotoxaemia is usually reported and associated with the pathogen’s adaptability to produce a wide arsenal of toxins. Several studies have reported C. perfringens from the feces of both healthy and sick animals (sheep and goats) [93]. For example, a 2018 study by Hamza et al. reported the highest prevalence of C. perfringens in apparently healthy sheep (65.45%), followed by goats (58%), buffalo (55%) and cattle (47%) [94]. In addition, other studies demonstrated the presence of multidrug resistance (MDR) patterns for commonly used antimicrobials in food animal production, including β-lactams, tetracyclines and aminoglycosides [95,96,97,98].





8. The Ruminant Intestinal Microbiota—The Gut Microbiome


The gastrointestinal microbiome has been proposed to function like a genuine organ [99]. The body’s immunity depends on its ability to regulate various processes such as gut homeostasis and inflammatory response. The balance and stability in the intestinal environment are sustained by the symbiotic relationship between the resident microorganisms and the intestinal tract [6]. A majority of microorganisms in the gastrointestinal tract are beneficial bacteria that work closely with the enterocytes in a symbiotic relationship [99]. The ruminal ecosystem is highly varied in composition. The microbiome of the digestive system of ruminants is a complex and dynamic assembly, with principal inhabitants of the rumen including bacteria, methanogenic archaea, fungi, protozoa, and viruses, including lytic bacteriophages, with direct or indirect functions towards organic matter degradation. The microbial composition of the digestive system of ruminants is estimated to be inhabited by over 5000 species of microorganisms [100]. The rumen is the most numerous and most diversely populated part of the digestive system of ruminants. The second-largest number of microorganisms can be found in the large intestine [100]. The composition of the microbiome depends on factors such as breed, age, external environment, and nutrition. The organisms work in synergy or individually to degrade food material that is indigestible to humans to provide metabolic energy to their host and the release of methane in case of archaea [100]. In the categorization of mammals as monogastric and polygastric, the clustering of their microbial communities occurs in a way that corresponds to those classifications. Polygastric animals such as goats and sheep have a four-stomached digestive tract with the rumen as the largest and most important section. The rumen is filled with billions of tiny fiber-degrading microorganisms that belong to Ruminococcus, Lactobacillus, Prevotella, Streptococcus, Butyrivibrio, Megasphaera, Bacteroides and Fibrobacter [9]. The highly nutritious protein foods that humans drive from animals are constituted by their ability to use their sophisticated rumen microbiota to process plant cell wall materials that are inedible to humans, without competition for food [100]. Many scientists have generally shifted their attention on studying the rumen microbiome to address the many global challenges of the livestock industry. Microbial communities in the lower gut have an equally profound impact on the host, especially during early life stages. The fetal GI environment is considered sterile until initial exposure in the birth canal [101]. Microbiota acquired during passage through the birth canal has been highlighted in long-term immunity of newborns. The colonization of the rumen at birth depends primarily on vaginal microbiota and milk colostrum to shape the gastrointestinal microbiomes [102,103]. Beyond the rumen, changes in pH, a varying number of secretions and oxidation-reduction potential dictate the structure of the associated microbiome [104].



Previous studies confirmed that most vaginal microbes were found to express similarities to bacteria and methane-producing archaea found in the gut, indicating that gastrointestinal microbial populations play a vital role in developing premature ruminant gut [105]. A study by Shabana et al. showed no significant variations in the composition of the gut bacterial communities of sheep and goats at the same age; however, drastic changes in the diversity of gut bacterial microbiota increase with the animal’s age [106]. In colonic and rectal samples of bacterial diversity in camels, high numbers of Ruminococcaceae and Akkermansia were detected, while the forestomach and ileum showed a significant colonization of clostridium species and Bacteriodales [100,107]. Consequently, rumen and rectal samples may not provide an accurate representation of the gut microbiome structure or composition [108], considering the clear differences in the microbial populations of the rumen, rectal feces, and other segments of the gastrointestinal tract. The abomasum and the beginning of the ileum provide a holistic environment for the microbiota due to the presence of complex enzymatic activities and low pH. However, compared to the rumen, the population and diversity of microbiota in this environment decrease significantly by several orders of magnitude [100,109]. The mucosal surface of the gastrointestinal tract is the largest among all mucosal surfaces in the body, boasting a massive epithelial barrier that spans 400 m2. This large surface area enables it to effectively detect the invasion of pathogens and to capture viruses, bacteria, and other pathogen-associated molecular patterns. Additionally, it serves as a connection between stimulators of the immune response and the lymphoid tissue located in the gut [110,111,112]. The rumen microbiota has a profound impact on animal health conditions, food safety and production potential.




9. Impact of Dietary Supplements on the Gut Microbiome


Safe antibacterial alternatives such as herbs have been used since antiquity as natural medicines and food preservatives [113]. These plants play a crucial role in animal agriculture by allowing producers and veterinarians to reduce extensive synthetic antibiotic consumption in food-producing animals [114]. Studies have shown that aromatic plants possess bioactive compounds that stimulate animal health and performance. Some of the noticeable benefits of plant extracts and essential oils include the increased degradation of proteins and fibers, immunity improvement and methanogen reduction. These interventions have been reported to be effective when used individually or synergistically with probiotic supplements (Figure 2) [115]. Essential oils have been shown to be promising feed additives in mitigating methane and ammonia emissions. Positive effects such as growth response and inhibition of pathogenic bacterial growth have been broadly witnessed in poultry, pigs, ruminant food animals and rabbits [116]. New, alternative ways of developing the gut microbiome using prebiotic oligosaccharides and probiotic additives have continued to be explored, showing fascinating potential in nurturing the beneficial commensal bacteria in the intestinal ecosystem [117].



A group of studies has shown that a shift from a normal diet can cause transient shifts in the adult gut microbial community within 24 h, after which the normal state immediately returns. While microbiota dysbiosis can lead to disease susceptibility, immune microbiomes play a vital role in maintaining healthy body functions, and diet is the principal factor in manipulating the gastrointestinal microbiome [118]. Additionally, new ways of developing the gut microbiome using prebiotic oligosaccharides and probiotic additives continue to be explored, showing fascinating potential in nurturing the beneficial commensal bacteria in the intestinal ecosystem [9,118].



Several studies have also confirmed substantial antimicrobial activities of various plant essential oil components against enteropathogenic microbes in food animals. For example, five plant extracts—thyme, sage, laurel, myrtle, and orange oils—exhibited antibacterial and bacteriostatic properties against common foodborne bacteria, such as Listeria monocytogenes, E. coli, Candida albicans, and S. aureus [119]. The global essential oil market demand was valued at over 21 billion USD in 2022 and is estimated to increase by a compound annual growth rate (CAGR) of 7.9% from 2023 to 2030. Growing aromatherapy applications, coupled with rising consumption from the personal care and cosmetics industry, are likely to fuel product demand over the forecast period [120]. For example, the orange essential oil segment alone is poised to rise at a steady pace owing to its increasing consumption in the personal care and cosmetics industry [121].




10. Antimicrobial Traits of Plant-Based Essential Oils and Other Plant Extracts


Plants and their secondary metabolites, such as volatile oils, have been utilized in folk medicine for an extended period, particularly in countries like China [122]. Nevertheless, medicinal properties including antimicrobial, antioxidant, and anti-inflammatory are extensively investigated for purposes of medicine in the modern world [119,123]. The various capabilities of medicinal plants have been attributed to their creation of secondary metabolites such as essential oils (EOs), terpenoids, polyphenols, tannins, alkaloids, coumarins and flavonoids. Studies have revealed that optimum effectiveness is realized from plant compounds that contain phenolic groups [124,125]. Essential oils or volatile oils are concentrated oily aromatic natural liquids derived from plant material (leaves, wood, roots, flowers, buds, twigs, bark, and seeds), which have been proved to possess bioactive substances with broad medicinal capabilities [126,127]. These EOs are naturally used to give protection against pathogenic bacteria and parasitic organisms [128,129,130]. The antimicrobial traits of plant derivatives are usually controlled by the structure, components and functional groups present in the oil. EO antimicrobial capabilities are attributed to their hydrophobic nature, able to disrupt membrane integrity and the mitochondrial lipid layers. In addition, cell osmotic pressures are drastically altered [124,131]. Although dietary EOs have been associated with antioxidative, antimicrobial, and anti-inflammatory capabilities, their difference in composition, together with the variance of used tests, has revealed a great diversity of results [132]. Several studies have also evaluated the activity of various EO substances on foodborne pathogens found in small ruminant gastrointestinal tracts to ascertain their effects on intestinal morphology, gut flora and performance, patterns of fermentation and product quality. Data available demonstrate their ability to inhibit pathogenic foodborne bacteria such as Salmonella, E. coli, Listeria monocytogenes, Staphylococcus aureus and Shigella dysenteria, with Gram-positive bacteria showing higher susceptibility compared to Gram-negative bacteria [127,133]. For example, Sun et al. reported positive influences on gut morphology and normal flora structure of Sewa sheep supplemented with 3000 mg/kg EO concentrate [134]. In another study, oregano EO containing cineole (terpenoid oxide) revealed anti-inflammatory and analgesic activity [135]. The quality of lamb products has been improved (reduced off-flavor perception) by addition of garlic or juniper EO in lamb diets, while rancid-odor perception has been reduced in displayed meats [136]. A recent study conducted on goat rumen using metagenomic analysis unveiled that EO–cobalt complexes had a considerable impact on both the structure and function of the rumen microbiota. The analysis highlighted a positive relationship between the presence of Bacteroides spp. and Succinivibrio spp. and increased production of volatile fatty acids (VFAs) in the groups that received supplementation. Additionally, pathway analysis aimed at predicting functionality indicated an increase in activity within lipid and carbohydrate pathways due to EO–cobalt complexes [137]. Other studies using combinations of 50% timothy grass and 50% concentrate showed enhanced microbial populations by increasing combinations of some oils like thymol and carvacrol and showed highly effective synergistic effects when used at equal proportions of 50% each against several enteric foodborne pathogens [138]. It worth noting that there are no approved methods yet to determine MICs for all these plant-based supplements to measure the antimicrobial effects.




11. Examples of Plant-Based Dietary Supplements with Antimicrobial Effects


11.1. Sweet Potato (Ipomoea batatas) Tops (Leaves and Vines)


Sweet potato (SP) greens or vegetative parts, a broadly popular diet in Africa and Asia, are considered for efficient production of dietary polyphenols, including phenolic acids and anthocyanins. There are at least 15 known biologically active anthocyanins and 6 polyphenolic compounds with medicinal properties incorporated in SPT. Additionally, the SPT can be considered a reliable source of proteins, ranging from 4.0% to 27.0% in leaves and 1.0% to 9.0% in roots [139]. These amounts are interestingly higher in comparison to other vegetable crops like spinach, tea and grape seed [140], and has demonstrated immunomodulatory, antimicrobial, antifungal and anticarcinogenic properties without detectable toxicity to normally replicating cells, such as those in the gastrointestinal wall and the bone marrow [141,142]. Even though studies on antimicrobial functions of SP leaves and tops in small ruminants are lacking, a few specified reports have concluded that the SP plant contains some degree of antimicrobial activity against various Gram-positive and Gram-negative bacterial strains in other species and in food preservation. Sweet potato contains plenty of valuable phytochemicals, some of which are peculiar to specific varieties. Yellow leaf sweet potatoes (YLSPs) showed the highest concentrations of polyphenolic and flavonoid compounds at 11.293 µg/g and 44.963 µg/g, respectively, in a 2017 study [143]. In another study evaluating the phytochemical composition and antimicrobial properties of the SP leaf, water extract showed the best antimicrobial activity against foodborne pathogens Salmonella enterica subsp. enterica serovar Typhi and E. coli in comparison to peptone and ethanol extracts [144]. Water extracts exhibited the best antimicrobial activity against common bacterial pathogens in comparison to peptone and ethanol extracts [144]. SP growers in the US appear to have focused on the size and grade of the product most demanded by their end users: medium size and number one grade [145]. The less requested sizes (Jumbos and Canners) and the uncommonly used parts such as the vines and leaves, therefore, end up being used back as seed for the next growing season or left in the fields for soil fertility enhancement. Alternative uses for these “market rejects” would be profitable for SP farmers.




11.2. Daikon Radish (Raphanus raphanistrum subsp. sativus)


While a pool of in vitro studies has been reported on therapeutic properties of radish defensins, in vivo studies, especially in small ruminants, are scarce. Management practices of cover crop radish are cost-effective and could deliver more profitable practices, however, its use as a medicinal agent have not been well investigated, hence its massive underutilization. Studies have revealed that pickled radish activates polyphenol oxidase that avails novel phenols with antibacterial activity in vitro [146]. A recent study by Lim and colleagues reported that ethanol extracts from R. raphanistrum subsp. sativus (radish) powder demonstrated the potential of R. raphanistrum subsp. Sativus (radish) in inhibiting the growth of Salmonella enteritidis 110, Cronobacter sakazakii KCTC 2949, Bacillus cereus ATCC 10876, and Staphylococcus aureus ATCC 6538 in antimicrobial action [147]. Findings from a Turkish study reported that red-type R. sativus methanolic extracts displayed broad-spectrum antifungal and antibacterial potential against 52 bacterial species, including a wide range of foodborne pathogens [148]. Further, antiurolithiatic and diuretic activities have been reported from aqueous extracts of R. sativus bark in a dose-dependent pattern using rat models. The study confirmed potential use in folk medicine for control against urolithiasis [149]. Raphani semen (RS), the radish seed, plays a huge traditional medicinal role in China, India and South Korea as a laxative, for constipation and diarrhea prevention, coughs and distending pain, with antitumor, carminative, and anti-inflammatory effects and reduction in oral squamous cell carcinoma [150,151,152,153]. In summary, these studies demonstrate that R. raphanistrum subsp. sativus, a neglected medicinal plant, should be regarded as a globally significant crop in animal health with potential to contribute to small ruminant medicine, food safety and economic value. In the United States, tillage radish has a space as a winter cover crop [154]. Typically, the cover crop is terminated above ground before flowering, chemically burned down or ploughed under the soil just before the planting of the successive crop or otherwise winterkills at freezing temperatures [154]. In a grazing situation, the tillage radish concurrently provides two benefits: alleviating soil compaction and anthocyanin-rich forage for livestock.




11.3. Rice Bran (Oryza sativa L)


The bioactive elements such as antioxidants found in rice bran have been found to harbor immune-enhancing properties including the increment of the gut–mucosal barrier, reduced intestinal pathogen colonization, and proliferation of beneficial gut microbiota [155,156,157]. Research on rice bran effects in small ruminants is scarce and we have only a rudimentary understanding of the food safety impacts in other animal species. To date, there are no comprehensive studies showing the effects of rice bran supplementation on the gut microbiota of goats or sheep. However, focusing on other animal species, research has demonstrated that consumption of the cereal bran portion boosts the production of short-chain fatty acids (SCFAs), which are potent modulators of the gastrointestinal environment [158]. Another study by Yang et al., 2015 shows that rice bran exerts positive gut-modulatory abilities by favoring the growth of diarrhea-reducing probiotic strains such as Lactobacillus rhamnosus [159], which have worked against human rotavirus (HRV) and other diarrhea-related pathogens. Rice bran treated with heat-resistant amylase, protease, and hemicellulase enzymes exhibited reduction in occurrences of inflammatory bowel disease (IBD) by modulating the colonic ecosystem and regulating immune cell differentiation [157]. In a separate study, Kumar et al. found that mice consuming 10% and 20% rice bran diets revealed lowered proinflammatory cytokines up to nine days post-infection reduction in Salmonella fecal shedding compared to the control group [160]. Sheflin et al., 2015 reported that dietary intervention with heat-stabilized rice bran (HSRB) improved gut microbiota metabolism of healthy adults by increasing branched-chain fatty acids, secondary components of bile and showed an elevation of eight operational taxonomic units (OTUs), including those from the genus Bifidobacterium [157]. Collectively, the above studies suggest the advantageous use of rice by-products as biological additives in animal production and other industries. Small ruminants may benefit from rice bran supplementation in feeds for enhanced health, safe food, and to increase the rate of investment (ROI). The stabilized rice bran has a cost advantage due to its abundance and low cost. The functional food attribute of stabilized rice bran has not been adequately focused on as a novel strategy in pre-harvest food safety, yet it is a rich source of protein, natural vitamin B and a potential prebiotic [161]. In the United States, rice bran varieties have been under cultivation by local farmers in rice-growing counties for several years, and therefore tremendous quantities of rice bran are available from rice millers. Antimicrobial properties of rice bran are well researched in other animal species such as poultry. About 40% of the rice harvest goes to waste at the mill due to the rejection of many by-products [162]. Previous investigations revealed pathogen-inhibitory effects of Carlose rice bran, a common product of the USDA–ARS Rice Research Unit, Stuttgart, Arkansas against Salmonella enterica subsp. enterica serovar Typhimurium [163]. Lakast is a mid-season, long-grain variety with outstanding yield potential and exceptional milling properties, released in 2014 in Arkansas [164]. The prebiotic effects of Lakast rice bran, a variety released in 2014, have been recommended for consideration as biological supplements in livestock feed. Lakast cultivars (pureline and hybrid) used at the Department of Food Science, University of Arkansas significantly reduced the cecal loads of S. enterica subsp. enterica serovar Typhimurium and other pathogens in broiler cecal microbiota. More diverse microbiota was exhibited in the treatment group [165].





12. Conclusions


Several foodborne pathogens in humans have been reported from different countries. Small ruminant species have been regarded as reservoirs for these organisms. Small ruminants, often considered reservoirs for foodborne pathogens, can benefit from the incorporation of natural dietary supplements, which not only mitigate pathogen colonization but also maintain the animals’ welfare and physiological well-being. The antimicrobial effects of plant-based supplements on the gut microbial diversity of small ruminants hold significant promise as a sustainable and cost-effective approach to enhance pre-harvest food safety and reduce the risk of transmitting foodborne pathogens to humans. Options to reduce the risk of infection from meat consumption include pre-harvest food safety methods to reduce pathogen colonization in live animals and decontamination of meat post-slaughter. However, cost-effectiveness and practicality are critical factors to be considered before adopting any pre-harvest strategies for pathogen reduction in live animals and carcasses. Since small ruminants quickly adapt to rural settings and are less energy-demanding compared to large animals, pre-harvest food safety measures will make more economic sense. Natural dietary supplements are cheap and easy to administer, with less or no compromise to animal welfare and physiological status. Overall, considering the increasing demand for safer meat products and the need to reduce the risk of foodborne illnesses, further research and adoption of plant-based supplements in small ruminant farming practices can contribute to both food safety and economic sustainability.
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Figure 1. The selection of “traditional” food safety interventions before slaughter incorporates emerging food safety issues, including antibiotic replacement, genome sequencing of microbiomes and cost–benefit analysis. (1) Preparation of plant-derived supplements. Extraction involves a steam distillation process in the case of essential oils or grinding into powder for crude extracts. (2) Supplements may be mixed in feed or drinking water for easy administration. (3) Fecal and ruminal sample collection. (4) Morphological identification of bacteria, (5) Molecular identification of bacteria and genome sequencing of marker genes. (6) Microbiome data analysis. 
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