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Cooper J. Fritzlen 

 

ACADEMIC ABSTRACT 

 

Coccidiosis is a prevalent parasitic disease in broiler chickens, caused by protozoa 

of the genus Eimeria. Birds become infected by ingesting sporulated oocysts from 

contaminated litter, resulting in intestinal damage, impaired nutrient absorption, and 

reduced growth performance, which contribute to economic losses for poultry producers. 

Conventional control methods, including vaccines, ionophores, and other anticoccidials, 

have limitations, prompting the need for alternative strategies. This dissertation 

investigates the effectiveness of dietary feed additives, essential oils (garlic and 

cinnamon), betaine, butyrate, and benzoic acid, on broilers raised under coccidial 

challenges and varying litter conditions such as differences in moisture content and reuse 

of litter, focusing on their potential to improve performance, gastrointestinal health, and 

sustainability while reducing antimicrobial reliance. The second chapter provides an in-

depth literature review on coccidiosis, alternative feed additives, and factors influencing 

litter quality. In the third chapter, the combination of essential oils and betaine was 

effective in mitigating the effects of coccidiosis. Broilers supplemented with 500 ppm of 

essential oils and 250 ppm of betaine and raised on used litter seeded with coccidia 

increased BWG and reduced FCR over multiple time periods (P ≤ 0.05). Oocyst counts 

were reduced in treated birds compared to the PC, validating the efficacy of this 

treatment in mitigating the adverse effects of coccidiosis. The fourth chapter evaluated 

butyrate supplementation in broilers raised on used litter without antibiotics, examining 



its effects on growth performance, nutrient digestibility, and intestinal health. The 

supplementation of butyrate in the broiler diet resulted in improved performance over the 

starter phase of broiler production. Broilers fed 500 ppm butyrate from days 0–8 

exhibited a 7% improvement in BWG and a 5% reduction in FCR compared to the PC (P 

≤ 0.05). However, these advantages diminished by day 42. Additionally, butyrate 

improved apparent ileal digestibility of dry matter and energy during the starter phase (P 

≤ 0.05) but did not significantly reduce oocyst shedding. Benzoic acid was investigated in 

pure (PBA) and enteric released (EBA) forms in the fifth chapter. Over the 0–42-day 

period, EBA supplementation (330 ppm) improved BWG by 5.1% and decreased FCR by 

4.6% compared to the control group, which consisted of broilers fed a basal diet without 

benzoic acid supplementation (P ≤ 0.05). Additionally, enteric-released benzoic acid led 

to significant improvements in intestinal morphology, specifically reducing crypt depth 

and increasing the villus height-to-crypt depth ratio in the jejunum and ileum. In the sixth 

chapter, the combination of betaine and butyrate (B+B) was evaluated under varying 

litter moisture conditions. B+B supplementation increased energy (4.0%) and dry matter 

digestibility (4.5%) on day 17 (P ≤ 0.05) but did not improve performance over a 0–42-

day broiler grows out period. The increased litter moisture generated by the addition of 

2,000 mL of water/day (over the first 21 d) resulted in decreased broiler BWG over the 

starter phase in comparison to the broilers raised on litter without water addition (P ≤ 

0.05). The seventh chapter builds a tool to allow the use of Near-Infrared (NIR) 

spectroscopy for real-time litter moisture monitoring. To achieve this, 1,455 litter 

samples across five trials were modeled for NIR spectrum and litter dry matter. 

Calibration models exhibited high predictive accuracy, characterized by improved R-



squared values and reduced standard errors of prediction. These findings highlight the 

promise of NIR spectroscopy as a tool for precision litter management, particularly with 

continued advancements and updates to on-farm technology. 

Overall, this dissertation defines the potential of feed additives in broiler 

production and the importance of managing environmental conditions, particularly litter 

quality to maximize performance and efficiency. These findings provide potential and 

practical insights into reducing reliance on antibiotics while maintaining broiler 

performance and health, aligning with industry demands for sustainable broiler 

production. 
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GENERAL AUDIENCE ABSTRACT 

 

Coccidiosis is a common parasitic disease in chickens grown for meat production. 

The birds are infected by ingesting the parasites from the litter (mixed pine shavings and 

fecal material) and can cause intestinal damage, reduced nutrient absorption, and reduced 

growth and efficiency, leading to economic losses for poultry producers. Traditionally, 

coccidiosis was controlled by a combination of options including one that also had 

antibiotic properties. Concerns about antibiotic use in agricultural animals and potential 

resistance have prompted the exploration of alternative approaches to coccidial control. 

This dissertation investigates the use of non-antibiotic feed additives (essential oils, 

betaine, butyrate, and benzoic acid) to improve broiler chicken performance and health 

under challenging conditions, including coccidial exposure, varying litter moisture levels, 

and the use of reused litter. 

Essential oils, derived from garlic and cinnamon, contain bioactive compounds 

with antimicrobial and anti-inflammatory properties, while betaine functions as an 

osmoprotectant and methyl donor, supporting gastrointestinal health and nutrient 

metabolism. The effects of their combination were evaluated in chapter three, the 

supplementation of the combination improved broiler performance, reduced oocyst 

shedding, and enhanced gastrointestinal health. Butyrate, a short-chain fatty acid that 

serves as an energy source for intestinal cells and supports gut integrity, was investigated 

in the fourth chapter. Butyrate improved performance and nutrient digestibility during 

early development, however the benefits diminished as the birds aged. In the fifth 



chapter, benzoic acid, an organic acid with antimicrobial properties, improved broiler 

performance, with results comparable to those seen in antibiotic-fed chickens. It also 

enhanced certain aspects of gastrointestinal health, such as increasing villus height and 

reducing crypt depth, which may have lowered the energy needed for digestion, though it 

did not significantly alter microbial populations. In the sixth chapter, the combination of 

betaine and butyrate was investigated for its effects on broiler performance and nutrient 

digestibility, showing improvements in nutrient digestibility but no significant impact on 

growth performance.  

Litter quality management was another critical focus of this research. High litter 

moisture, resulting from water addition and broiler excreta, led to increased ammonia 

production, caked litter, and a higher prevalence of footpad dermatitis. However, the feed 

additives themselves did not directly mitigate these issues. Proper litter management, 

including moisture control, remains essential for optimizing broiler health. While the 

majority of this research focused on dietary interventions to mitigate performance losses 

associated with degraded litter conditions, Near-Infrared Reflectance (NIR) spectroscopy 

was also evaluated as a potential tool for real-time litter moisture assessment. This 

technology could enable more precise litter management strategies by providing 

immediate moisture readings, allowing for proactive intervention. 

This research provides insight on feed additive and litter management on broiler 

production without antibiotics. These feed additive and management strategies improve 

bird health and welfare. 
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CHAPTER 1: 

General Introduction 

 

Coccidiosis, the clinical outcome of infection with protozoan parasites of the genus 

Eimeria, is a significant disease in poultry production. Coccidiosis has been associated with 

considerable economic losses worldwide. Coccidia disrupt the intestinal lining, causing 

malabsorption of nutrients, diarrhea, and poor feed conversion. Traditionally, the poultry 

industry has relied on some combination of ionophores (anticoccidial feed additives that are 

classified as antibiotics in the United States), coccidial vaccines, and chemical anticoccidial 

drugs to manage the disease (Peek and Landman, 2011). However, increasing concerns over 

antibiotic resistance and the demand for antibiotic-free poultry products have limited one of the 

tools used to help control clinical coccidiosis resulting in the need for alternative strategies for 

coccidiosis control that maintain broiler health and productivity (Smith, 2019; Korver, 2023).   

In addition to directly impacting broiler health, coccidiosis may damage the intestinal 

lining, leading to impaired nutrient digestibility, increased microbial fermentation, and dysbiosis 

(Lu et al., 2021). These disruptions contribute to increased excreta moisture, which can worsen 

litter conditions. Wet litter promotes the growth and transmission of pathogens such as Eimeria, 

the causative agent of coccidiosis, and opportunistic bacteria like Clostridium perfringens, which 

can contribute to necrotic enteritis (Hermans et al., 2006; Dunlop et al., 2016). Excess litter 

moisture also exacerbates welfare issues, including footpad dermatitis and ammonia-related 

respiratory problems, all of which negatively impact broiler performance. While wet litter can 

result from factors such as poor ventilation and high stocking densities, disease-related diarrhea, 

particularly from coccidiosis, further increases litter moisture. This establishes a cycle in which 

Eimeria infection degrades litter conditions, and poor litter quality facilitates the spread of 
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coccidiosis. Managing litter moisture is critical to reducing these risks and requires a 

combination of proper litter management and strategies to reduce and control underlying disease. 

Alternative feed additives, including essential oils, benzoic acid, butyrate, and betaine, have been 

suggested to reduce disease presence, improve litter quality, support gastrointestinal health, and 

increase overall broiler performance. 

Essential oils are plant-derived compounds known for their antimicrobial, antioxidant, 

and anti-inflammatory properties. Active components such as thymol, carvacrol, 

cinnamaldehyde, and compounds found in garlic, like allicin and alliin, have been shown to 

inhibit the growth of pathogenic bacteria in the gastrointestinal tract, which may be beneficial for 

controlling the secondary bacterial infections that often accompany coccidiosis (Józefiak et al., 

2010; Kim et al., 2013). By promoting beneficial bacteria and limiting the growth of harmful 

pathogens, essential oils help help maintain a balanced microbial environment. This balance can 

reduce intestinal inflammation, improve digestion and nutrient absorption, and ultimately 

enhance the bird’s ability to resist Eimeria infections, which cause coccidiosis (Józefiak et al., 

2010; Orengo et al., 2012). Additionally, essential oils have been demonstrated to decrease 

oocyst shedding, thereby decreasing the environmental load of coccidia and further mitigating 

disease spread (Kim et al., 2013; Ali et al., 2019). 

Benzoic acid, a weak organic acid, functions primarily as an antimicrobial agent by 

decreasing the pH of the gastrointestinal tract, making it less favorable for the proliferation of 

pathogenic bacteria (Giannenas, et al., 2014). This acidification of the gastrointestinal 

environment disrupts bacterial cell membranes, inhibiting the growth of pathogenic bacteria and 

decreasing the risk of secondary infections associated with coccidiosis (Hazan et al., 2004; 

Józefiak et al., 2010). Furthermore, benzoic acid has been shown to improve gastrointestinal 
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morphology, specifically by increasing villus height and decreasing crypt depth, which may 

increase nutrient absorption and overall gastrointestinal health (Józefiak et al., 2010). 

Encapsulation technologies have been developed to ensure that benzoic acid reaches the lower 

gastrointestinal tract, where its antimicrobial and gut health benefits are most effective. By 

protecting benzoic acid from early degradation in the upper digestive tract, encapsulation 

enhances its stability and targeted release, allowing for improved nutrient absorption and 

intestinal health benefits in poultry production (Yousaf et al., 2017). 

Butyrate, a short-chain fatty acid, is associated with maintaining intestinal health. It 

serves as the primary energy source for enterocytes, supporting the growth and repair of the 

intestinal epithelium, which may be particularly beneficial in mitigating the damage caused by 

Eimeria infections (Van Immerseel et al., 2005). By promoting epithelial regeneration and 

strengthening barrier function, butyrate may help decrease the severity of coccidial lesions, 

increase nutrient absorption, and decrease intestinal inflammation. The anti-inflammatory 

properties of butyrate may also be critical in decreasing the intestinal damage and inflammation 

caused by coccidiosis, thereby improving overall broiler health (Tzora et al., 2017). 

Betaine is a feed additive with osmoprotective properties and an ability to serve as a 

methyl donor. Betaine may help maintain cellular integrity and function during osmotic stress, 

which is particularly important in the gastrointestinal tract during coccidial infections (Eklund et 

al., 2005). It also plays a role in transmethylation reactions, which are crucial for the synthesis of 

phospholipids and other essential molecules that support cell membrane integrity and function 

(Kidd et al., 1997). Previous research has shown that betaine may improve intestinal health, 

increase nutrient absorption, and increase broiler performance, especially when broilers are 

challenged by diseases like coccidiosis (Klasing et al., 2002). Furthermore, betaine may enhance 
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the functionality of certain feed additives by improving cellular osmoregulation and supporting 

nutrient transport, which could contribute to improved gastrointestinal health and resilience 

against coccidiosis (Eklund et al., 2005). 

The objective of this dissertation is to investigate the potential of essential oils, benzoic 

acid, butyrate, and betaine as alternative feed additives to mitigate the effects of sub-clinical 

coccidiosis in broilers, aiming to support intestinal health and performance without the use of 

antibiotics. The hypothesis is the use of feed additives, or the combinations of feed additives will 

increase broiler performance, improve gastrointestinal health and structure when fed to broiler 

chickens without growth promoting antibiotics. This research investigates the role of feed 

additives in poultry production systems to maintain broiler health and productivity. 
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CHAPTER 2: 

Review of Literature 

Coccidiosis in Chickens 

 

Coccidiosis is a host-specific protozoal parasite of the genus Eimeria that may infect the 

intestinal mucosa of poultry from the duodenum to the ceca. Among chickens, seven distinct 

species of Eimeria are known: E. tenella, E. maxima, E. mitis, E. acervulina, E. brunetti, E. 

praecox, and E. necatrix (Conway and McKenzie, 2007). Each of the seven species has been 

identified to infect a particular region within the gastrointestinal tract of the chicken. E. 

acervulina and E. praecox predominately infect the duodenum and upper jejunum, while E. 

maxima and E. necatrix target the lower duodenum, jejunum, and upper ileum. Similarly, E. 

mitis infects the ileum, E. brunetti affects the lower ileum and proximal ceca and E. tenella 

targets the ceca (Johnson and Reid, 1970; Lillehoj and Trout, 1996). Differing species of Eimeria 

have various results including fluid loss and poor nutrient absorption in cases of E. acervulina 

and E. mitis, inflammation of the intestinal wall accompanied by hemorrhages and shedding of 

epithelial cells with E. brunetti and E. maxima, or severe damage to intestinal villi resulting in 

hemorrhages and potentially mortality with E. necatrix and E. tenella (Mesa-Pineda et al., 2021). 

Eimeria. praecox is typically regarded as causing minimal damage and low pathogenicity 

(Chapman, 2014). Studies conducted across various countries, including France, United 

Kingdom, Norway, South Korea, Canada, United States, Romania, and Columbia, consistently 

identify E. acervulina, E. maxima, and E. tenella as the most prevalent species of Eimeria 

affecting broilers globally (Williams et al., 1994; Williams, 2006; Haug et al., 2008; Lee at al., 

2010; Ogedengbe et al., 2011; Lee et al., 2012; Györke et al., 2013; Mesa et al., 2021). The 
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transmission of coccidiosis is a fecal-oral route through the ingestion of excreta containing 

coccidia oocysts shed from infected chickens (Belli et al., 2006).  

Life Cycle of Eimeria 

 

Eimeria within chickens exhibit a complex life cycle, involving intracellular and 

extracellular stages, which includes both asexual and sexual reproduction (Figure 2.1). This life 

cycle consists of three phases: sporogony, schizogony (merogony), and gametogony. As 

mentioned previously, transmission of coccidiosis involves oral ingestion of oocysts from 

excreta of an infected chicken. However, when oocysts are shed from an infected chicken the 

oocysts are unsporulated and non-infectious. Previous research has observed that unsporulated 

oocysts may remain viable for up to 18 months depending on the environmental factors 

(Delaplane and Stuart, 1935). For the oocyst to become infectious it must undergo the process of 

sporulation (Shirley et al., 2005). Sporulation (sporogony) occurs when the unsporulated oocyst 

is exposed to adequate amounts of oxygen, moisture, and heat, which can be found in typical 

broiler housing conditions. Each sporulated oocyst contains four sporocysts, each containing two 

sporozoites (Allen and Fetterer, 2002). Once ingested by the chicken, the sporulated oocyst cell 

wall will break down after undergoing mechanical and chemical disruption in the gizzard and 

proventriculus. Consequently, the eight sporozoites are released and penetrate epithelial cells, 

initiating the second phase of the life cycle, schizogony. During this phase, sporozoites undergo 

asexual replication producing trophozoites within a parasitophorous vacuole (Tierney and 

Mulcahy, 2003). Trophozoites will begin to enlarge as it performs multiple rounds of asexual 

replication, resulting in the formation of a schizont (meront). Inside the schizont, numerous 

merozoites are formed through the replication process. After a couple days, the merozoites will 

burst the enterocytes, allowing them to move freely and infect additional enterocytes. This 
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process leads to the production of additional generations of schizonts. This step occurs 2 to 4 

times depending on the Eimeria species (Mesa-Pineda et al., 2021). When the schizogony phase 

is complete, the sexual phase, known as gametogony will begin. During the gametogony phase, 

merozoites will differentiate into microgametocytes (male) and macrogametocytes (female) 

merozoites (Walker et al., 2013). Gametogenesis will occur producing microgametes and 

macrogametes. Microgametes will then fertilize macrogametes producing zygotes, which then 

further develop into oocysts (Smith et al., 2002). The oocyst will then emerge from the 

enterocyte and be released into the intestinal lumen, where it will then be excreted into the 

environment, completing the life cycle (Blake and Tomley, 2014).  

 

 

 Figure 2.1. The life cycle of Eimeria spp. in poultry. Figure created by the author. 

Symptoms and Economic Impact of Coccidiosis in Broilers 

 

The level of severity of a coccidial infection may be classified into 3 categories: 

coccidiasis (mild infection, no adverse effects), subclinical coccidiosis, and clinical coccidiosis, 
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the latter two being the most concern (Williams, 2005). Clinical coccidiosis is when the coccidial 

infection is clearly visible through signs of bloody diarrhea and mortality (Williams, 1999). 

However, the most prevalent form is a subclinical infection which inflict damage to epithelial 

cells, leading to diminished nutrient absorption, increased feed conversion ratios, and overall 

reduced growth performance (Persia et al., 2006; Amerah and Ravindran, 2015; Chalvon-

Demersay et al., 2021; de Freitas et al., 2023). Inflammation in the gastrointestinal tract is a 

common symptom of coccidiosis in broilers. This inflammation can lead to the blunting of villi 

along with the elongation of crypts (Fernando and McCraw, 1973; Cloft et al., 2023; Jelveh et 

al., 2023). The combination of blunted villi and elongated crypts may lead to poor nutrient 

absorption, as well as increased outflow of nutrients from the broiler into the gastrointestinal 

tract (Joyner et al., 1975; Xu et al., 2003). The barrier function of the gastrointestinal tract is 

essential for preventing the invasion of pathogens and reducing inflammation associated with 

coccidiosis. The gastrointestinal tract acts as a primary defense mechanism against pathogenic 

microorganisms and toxins. The epithelial cells lining the gastrointestinal tract form tight 

junctions that create a barrier, preventing the diffusion of microorganisms or toxins around the 

epithelial cells into the underlying tissues and bloodstream (Furness et al., 1999; Emami et al., 

2019). During coccidiosis, this barrier function is compromised, leading to increased intestinal 

permeability, also known as "leaky gut". Previous research has demonstrated a linear 

upregulation of tight junction protein gene expression by increasing the challenge dose of 

Eimeria (Teng et al., 2020). This compromised barrier allows pathogens and toxins to invade the 

intestinal tissue, causing inflammation and further damage to the intestinal lining. Increased 

intestinal enterocyte turnover will increase the maintenance requirements and decrease growth 

efficiency of the broilers (Kinstler et al., 2024). However, rapid epithelial cell turnover is crucial 
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for repairing and maintaining gastrointestinal integrity (Gautier et al., 2020). This rapid turnover 

not only helps to preserve the structural and functional aspects of the gastrointestinal tract but 

also aids in the removal of parasites from the broiler intestine. By continually shedding and 

renewing the epithelial cells, the broiler's intestine can effectively eliminate parasitic organisms, 

thereby reducing the likelihood of infection and disease (Cliffe et al., 2005). An additional 

defense mechanism in the gastrointestinal tract is the secretion of mucin from goblet cells. Mucin 

forms a distinct mucus layer that protects the broiler epithelium from pathogens, toxins, and 

other environmental irritants (Grondin et al., 2020). However, during a clinical coccidiosis 

challenge, increased mucin production can promote the proliferation of intestinal Clostridium 

perfringens, potentially leading to necrotic enteritis (Collier et al., 2008). The intestinal tract 

functions as a physical and immunologic barrier against pathogen entry into the body but also is 

the primary site for nutrient digestion and absorption. 

Coccidiosis also reduces the pH within the gastrointestinal tract (Ruff et al., 1974; Ruff et 

al., 1975; Ruff and Reid, 1975). Reduction in pH can impair the activity of the pancreas and 

mucosal brush border digestive enzymes, as the acidic environment is not optimal for enzyme 

activity (Ravindran and Abdollahi, 2021). The activity of broiler lipase, protease, amylase, 

maltase, and sucrase decrease when broilers are challenged with coccidiosis (Sharma and 

Fernando, 1975; Russell and Ruff, 1978; Adams et al., 1996; Su et al., 2014; Su et al., 2015). 

Ultimately, coccidiosis damages intestinal enterocytes, decreases nutrient digestibility, decreases 

growth, and supports conditions conducive for bacterial proliferation, predisposing broilers to 

other enteric diseases.  

In 2016, the global impact of subclinical and clinical coccidiosis was estimated at 

approximately US $14.5 billion annually, with the cost broken down into three main categories 
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(control, mortality, and morbidity) and further subdivided into twelve cost compartments (Blake 

et al., 2020; Table 2.1). While most of these compartments are associated with controlling 

coccidiosis, it is not the most expensive category. Specifically, in the United States, the majority 

of the expense was attributed to morbidity costs accounting for 81.9% of total cost, followed the 

cost of control at 13.5%, with mortality costs at 4.6% of the total cost. Therefore, the 

development of control methods for coccidiosis has the potential to reduce the costs of this 

disease especially those associated with morbidity.  

 

Anticoccidials in broiler production 

 

The intensive nature of modern poultry production, coupled with the resilience of oocysts, 

ensures that coccidia persist in poultry environments, especially broiler houses, despite control 

efforts (Chapman et al., 2010). The initial strategies to control coccidiosis have been increased 

biosecurity and through the use of anticoccidial drugs (Fatoba and Adeleke, 2018). Anticoccidial 

drugs can be divided into two categories: ionophores and synthetic/chemical drugs (Chapman 
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and Jeffers, 2014). Ionophores are produced through fermentation and disrupt coccidia by 

transporting ions across the protozoan membrane producing osmotic imbalance (Martins et al., 

2022). Synthetic/chemical drugs are produced by chemical synthesis and have various modes of 

action which include inhibition of mitochondrial respiration, competitive inhibition of thiamine 

uptake, and inhibition of the folic acid pathway (Chapman and Jeffers, 2014).  

In 1948, Sulfaquinoxaline, a chemical drug, was introduced in the United States as a 

commercially available poultry coccidiostat and established the routine use of anticoccidial drugs 

in poultry feed (Campbell, 2008). Since the drugs were effective against coccidiosis, the drugs 

were used extensively which has led to the development of resistance by the parasite. Only six 

years after the introduction of sulfaquinoxaline to commercial poultry, a strain of E. tenella from 

a commercial flock in Delaware was identified as 40 times more resistant to sulfaquinoxaline 

compared to other strains of E. tenella (Waletzky et al., 1954). Development of new anticoccidial 

drugs have continued since the 1940’s and continue to be used in modern poultry operations 

(Chapman, 1997; Adhikari et al., 2020).  

To mitigate the ability of the coccidia to develop resistance, many poultry growers will either 

use a shuttle or rotational program to alternate the use of anticoccidials with different modes of 

action (Chapman and Jeffers, 2014). Shuttle programs involve switching between different 

anticoccidial drugs within the same flock. Shuttle programs may be adapted to the specific 

production conditions such as bird age, species of Eimeria, and withdrawal time (Watkins and 

Bafundo, 1993). Conversely, rotation programs will alternate different anticoccidial drugs across 

successive flocks to manage resistance to the drugs (Peek and Landman, 2011). While these 

programs have been widely used to control coccidiosis in conventional production, their 

application is restricted in production systems such as "Raised Without Antibiotics" (RWA) and 
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"No Antibiotics Ever" (NAE), which face stringent restrictions on the use of antibiotics, 

including ionophores. The Food Safety and Inspection Service (FSIS) classifies ionophores as 

antibiotics, thus prohibiting their use in these systems (Singer et al., 2019). These systems were 

implemented to reduce antibiotic use in poultry production and mitigate concerns over antibiotic 

resistance. However, removing antibiotics has not necessarily improved poultry health and, in 

some cases, has led to increased disease challenges and production inefficiencies. Producers 

working within these restrictions must adopt alternative disease management strategies, 

particularly for coccidiosis control, which remains a significant challenge in commercial poultry 

production.  

Although some consumers are willing to pay a premium for RWA poultry, the overall market 

share remains relatively small compared to conventional broiler production. The growth of 

Perdue’s Harvestland Brand does not necessarily indicate that consumers are paying more for 

RWA chicken but could be influenced by Perdue’s ability to produce at a lower cost through 

economies of scale, making its RWA products more competitive than those from smaller organic 

producers (Bowman et al., 2016). Bowman and coworkers (2016) present a case study rather 

than a traditional research paper, and several assumptions require further scrutiny. The claim that 

RWA and NAE systems are preferable to conventional production does not account for trade-

offs such as increased mortality rates or the ethical concerns of withholding antibiotic treatment 

from sick birds to maintain label claims. These factors must be considered when evaluating the 

long-term viability of RWA and NAE production. 

Alternatives to anticoccidials 

 

Mitigating coccidiosis while reducing or eliminating reliance on antibiotics requires a 

variety of approaches, including the use of feed additives. Traditionally, antibiotics have multiple 
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uses including not only the treatment sick birds (high concentration and short duration) but also 

as growth promoters and health supplements (low concentration and long duration). The use of 

antibiotics as growth promoters (AGPs) improves the growth rate and feed efficiency of poultry 

by modifying gastrointestinal flora, reducing subclinical infections, and improving nutrient 

absorption (Gaskins et al., 2002; Dibner and Richards, 2005; Cox and Dalloul, 2015; Costa et al., 

2017). However, the widespread use of AGPs, particularly at sub-therapeutic concentrations over 

extended periods, has raised concerns about the selection and proliferation of antimicrobial-

resistant bacteria (Paul et al., 2022). Prolonged exposure to low-dose antibiotics in poultry 

production may create resistant bacteria, which may be transferred to humans through direct 

contact, contaminated food, or environmental pathways, ultimately contributing to the issue of 

antimicrobial resistance (Manyi-Loh et al., 2018). These concerns have driven the need for 

alternative solutions that maintain broiler performance while mitigating the risk of antimicrobial 

resistance.  

One approach is the use of various feed additives that can at least partially replace the 

functions of antibiotic growth promoters. These feed additives may improve gastrointestinal 

health, modulate the immune response, and support overall bird performance without directly 

relying on antibiotics. The general categories of feed additives include probiotics, prebiotics, 

organic acids, and phytogenics. Probiotics are live microorganisms that, when administered in 

adequate amounts, may benefit the host by balancing the intestinal microbiota, increasing 

nutrient absorption, and modulating the immune system (Jha et al., 2020). Prebiotics, non-

digestible food ingredients, may beneficially affect the host by selectively stimulating the growth 

and activity of beneficial bacteria in the gastrointestinal tract, improving gastrointestinal health 

and improving the immune response (Teng and Kim, 2018). Organic acids, such as butyrate and 
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benzoic acid, may lower the pH of the gastrointestinal tract, inhibit the growth of pathogenic 

bacteria, and improve nutrient digestibility (Dittoe et al., 2018). Phytogenics, plant-derived 

products like garlic and cinnamon, may increase feed intake, stimulate digestive secretions, and 

exhibit antimicrobial and anti-inflammatory properties (Abdelli et al., 2021).  

Specific feed additives being examined for their potential to reduce the coccidial 

challenge and improve intestinal health in broilers include garlic, cinnamon, betaine, benzoic 

acid, and butyrate. Each of these additives demonstrate modes of action that may contribute to 

gastrointestinal health and overall broiler performance. Garlic and cinnamon, for example, have 

antimicrobial properties that help manage gastrointestinal flora and reduce pathogen load. 

Betaine acts as an osmolyte, protecting cells under stress conditions and improving 

gastrointestinal tract integrity. Benzoic acid can acidify the gastrointestinal environment, 

inhibiting the growth of harmful bacteria, while butyrate, a short-chain fatty acid, serves as an 

energy source for intestinal cells and has anti-inflammatory properties. These alternative 

methods not only reduce reliance on antibiotics but also contribute to the overall improvement in 

broiler performance and welfare by improving gastrointestinal health, immune function, and 

nutrient utilization.  

Garlic 

 

Garlic exists in many forms, such as garlic powder, garlic essential oil, and other 

proprietary blends in the poultry industry. In all garlic products, one or more organosulfur 

compounds are present (Adjei-Mensah and Atuahene, 2023). Organosulfur compounds are the 

bioactive components in garlic, which include diallyl thiosulfonate, diallyl sulfide, diallyl 

disulfide, diallyl trisulfide, ajoene, S-allyl-cysteine, and S-allyl-cysteine sulfoxide (Shang et al., 

2019). These compounds contribute to garlic's various biological activities beneficial to poultry. 



 16 

The supplementation of garlic has been reported to have antioxidant, anti-inflammatory, 

and anticoccidial modes of action in broilers (Kim et al., 2013; Ali et al., 2019; Sidiropoulou et 

al., 2020). The antioxidant properties of garlic enhance the oxidative status of broilers by 

scavenging free radicals and upregulating antioxidant enzymes, helping to alleviate oxidative 

stress induced by coccidiosis (Naidoo et al., 2008; El-Ghareeb et al., 2023). Supplementation of 

1,000 ppm of garlic powder in lipopolysaccharide-challenged broilers improved weight loss rate, 

intestinal morphology, and antioxidant function (Zhang et al., 2022). Similarly, supplementation 

of 50 ppm of garlic powder in broiler chickens given a mixed Eimeria spp. challenge 

significantly improved BWG, decreased oocyst shedding, and reduced levels of oxidative stress 

markers (nitric oxide and malondialdehyde) (Pourali et al., 2014). 

The anti-inflammatory effects of garlic are seen in its ability to modulate the expression 

of pro-inflammatory cytokines. Broilers supplemented with S-methylcysteine, a garlic 

organosulfur compound, showed reduced cecal lesions and restored gene expression of 

inflammatory markers towards control levels, when compared to an anticoccidial (diclazuril) 

(Elmahallawy et al., 2022). This indicates that garlic supplementation may effectively mitigate 

intestinal inflammation caused by coccidiosis. 

Garlic and its derivatives also exhibit direct anticoccidial actions by inhibiting the growth 

and proliferation of Eimeria spp., the parasites responsible for coccidiosis. In broilers challenged 

with E. tenella, supplementation with 15,000 ppm of garlic powder significantly reduced ceca 

lesion scores compared to the control treatment (Ali et al., 2019). Broilers supplemented with 

garlic exhibited improved performance parameters along with reduced oocyst shedding, 

signifying the potential in controlling the severity of coccidial infections. In a 42-day 

experiment, broilers were orally gavaged with 20,000 to 30,000 oocysts per broiler at 8 days of 
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age (Ali et al., 2019). Broilers supplemented with 15,000 ppm of garlic powder had significantly 

increased BWG, FI, and decreased FCR in comparison to the control treatment. Broilers with 

15,000 ppm of garlic powder exhibited decreased oocyst shedding at 5-, 7-, 9-, and 11-days post 

inoculation, indicating potential benefits of garlic powder supplementation in mitigating 

coccidiosis in broilers. In a study where broilers were orally gavaged with E. acervulina at 10 

days post-hatch, supplementation with 10 ppm of secondary metabolites from garlic, which was 

fed from the day of hatch, significantly increased BWG and decreased oocyst shedding in 

comparison to the control broilers (Kim et al., 2013).  

Finally, garlic increased the immune response by stimulating the activity of immune cells 

and increasing the production of antibodies, helping broilers better resist and recover from 

infections like coccidiosis (Adjei-Mensahh and Atuahene, 2023). The consistent findings across 

various studies suggest that garlic and its derivatives hold significant potential as natural 

alternatives to traditional anticoccidial treatments. The bioactive compounds in garlic contribute 

to its antioxidant, anti-inflammatory, and anticoccidial properties, effectively mitigating 

intestinal inflammation and oxidative stress caused by coccidiosis in broilers.  

Cinnamon  

 

Cinnamon possesses many different modes of action that could be potentially beneficial 

for broiler production. Cinnamon is available in various forms, including cinnamon bark, 

powdered cinnamon, cinnamon extract, and cinnamon essential oil (Ali et al., 2021). The 

primary aim of extracting and standardizing active ingredients is to ensure a more consistent 

response by providing a standardized dose. This approach mitigates the risk of variability in 

active ingredient content across different batches of cinnamon. The major bioactive compound 

found in cinnamon is cinnamaldehyde, which has been shown to possess antimicrobial properties 
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by disrupting bacterial cell membranes and inhibiting biofilm formation, as well as anti-

inflammatory properties through the modulation of immune responses and reduction of pro-

inflammatory cytokines (Ali et al., 2021). The antimicrobial and anti-inflammatory effects from 

cinnamaldehyde may improve broiler performance and intestinal health (Lee et al., 2011; Yang 

et al., 2020; Qaid et al., 2022). 

Cinnamon, recognized for its antimicrobial and anticoccidial modes of action, has been 

investigated for its potential effectiveness in broiler production. Cinnamon powder at an 

inclusion of 6,000 ppm, resulted in reducing oocyst shedding in broilers infected with 40,000 E. 

tenella sporulated oocysts, resulting in improved BWG and FCR at 7 days post-infection 

compared to control treatment (Qaid et al., 2021). Using ground cinnamon instead of an extract 

poses challenges due to variability in active ingredient concentrations, potentially leading to 

inconsistent efficacy. The final concentration of the primary bioactive compound, 

cinnamaldehyde, is not reported in the manuscript, highlighting the difficulty of ensuring a 

standardized dose with ground cinnamon. Encapsulated cinnamaldehyde, which involves 

enclosing cinnamaldehyde within a protective carrier material, enhances its stability, 

bioavailability, and controlled release in the gastrointestinal tract. This encapsulation process 

protects cinnamaldehyde from environmental degradation and interactions with other feed 

components, ensuring a more consistent and effective delivery. Encapsulated cinnamaldehyde, 

either alone (100 ppm) or in combination with citral, a natural compound found in citrus oils 

with antimicrobial and anti-inflammatory properties, improved broiler performance comparable 

to bacitracin supplementation. Additionally, significant reductions in mortality were observed in 

broilers receiving a coccidiosis vaccine when supplemented with either cinnamaldehyde or the 

cinnamaldehyde-citral combination (Yang et al., 2020). Cinnamaldehyde and its combination 



 19 

with citral reduced the incidence and severity of necrotic enteritis. Cinnamaldehyde has also 

demonstrated significant inhibitory effects on both Aspergillus flavus and Aspergillus parasiticus 

growth and aflatoxin production by at least 60% in both broth cultures and feed (Yin et al., 

2015).  

Cinnamon also has the potential of having anti-inflammatory effects in challenged 

broilers. Broilers chickens supplemented with cinnamaldehyde at 14.4 ppm and infected with E. 

maxima or E. tenella or 125 ppm of cinnamaldehyde infected with E. acervulina were 

investigated (Lee et al., 2011). Broilers challenged with E. maxima or E. tenella showed 

increased cytokine expression of Interleukin-1 beta (IL-1β), Interleukin-6 (IL-6), Interleukin-15 

(IL-15), and Interferon-gamma (IFN-γ) in the broiler gastrointestinal tract with cinnamaldehyde 

supplementation. These cytokines are involved in immune signaling in broiler models, where 

they regulate inflammation, hematopoiesis, immune cell development, and antimicrobial 

defenses against pathogens (Garcia et al., 2021). Broilers challenged with E. acervulina, or E. 

maxima displayed a 16.5 and 41.6 % increase in BWG when supplemented with 

cinnamaldehyde, along with reduced E. acervulina oocyst shedding compared to challenged 

broilers fed a non-supplemented control diet (Lee et al., 2011). This could be due to differences 

in pathogenicity and immunogenic responses elicited by different Eimeria species, necessitating 

tailored cinnamaldehyde dosages to achieve optimal health and performance outcomes. In a 

separate experiment, supplementation of cinnamaldehyde at 150 ppm decreased duodenal lesion 

scores in broilers challenged with 1 × 105 sporulated E. acervulina oocysts (Orengo et al., 2012). 

Overall, these studies suggest that cinnamon has potential as a feed additive for improving 

poultry health and performance, with potential implications for disease management.  
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Betaine 

 

Betaine is a crucial compound in poultry metabolism, serving as both an osmolyte and a 

methyl group donor, essential for maintaining cellular homeostasis and supporting various 

biochemical processes, especially under stress conditions like coccidiosis (Kettunen et al., 2001). 

As an osmolyte, betaine helps maintain cell integrity by regulating osmotic pressure, which is 

vital for the intestinal lining's structure and function. Under stress from coccidiosis, betaine 

stabilizes cell membranes and proteins, increasing intestinal integrity and reducing osmotic stress 

(Eklund et al., 2005). In the methionine cycle, betaine donates methyl groups to homocysteine, 

converting it into methionine, a precursor for S-adenosylmethionine (SAM) (Abd El-Ghany et 

al., 2022). S-adenosylmethionine is a universal methyl donor involved in synthesizing creatine, 

phosphatidylcholine, and carnitine (Wiedeman et al., 2018). During immune challenges like 

coccidiosis, the demand for methyl groups increases for producing essential immune molecules. 

By supplying additional methyl groups, betaine supports these critical processes, increasing the 

bird’s ability to respond to diseases (Humphrey and Klasing, 2004; Jespersen et al., 2024). 

Methylation reactions facilitated by betaine are also vital for protein synthesis and muscle 

growth. Creatine synthesis relies on SAM for energy storage in muscle cells, supporting muscle 

development and overall growth in poultry (Dayan et al., 2023). Additionally, betaine contributes 

to lipid metabolism by synthesizing phosphatidylcholine, crucial for cell membrane integrity and 

function, especially during periods of rapid growth and cellular turnover in broilers (Abd El-

Ghany et al., 2022). Betaine is available to the poultry industry in two forms: betaine anhydrous 

and betaine hydrochloride (Ahmed et al., 2018). Betaine anhydrous, derived naturally, is 

typically extracted from sugar beets, while betaine hydrochloride is the synthetic alternative. 

Both natural and synthetic forms of betaine have exhibited beneficial effects for broilers.  



 21 

The supplementation of 1,000 ppm of betaine anhydrous ameliorated the negative effects 

of E. acervulina challenge on duodenal villi height (Klasing et al., 2002). Similarly, the jejunal 

villus height to crypt depth ratio of broilers challenged with E. maxima was improved by 1,000 

ppm of betaine anhydrous (Kettunen et al., 2001). Natural betaine supplementation significantly 

decreased duodenal and lower jejunum lesion scores in broilers challenged with 180,000 E. 

acervulina, 6,000 E. maxima, and 18,000 E. tenella oocysts, indicating improved intestinal 

integrity (Amerah & Ravindran, 2015). Additionally, supplementation with 960 ppm of natural 

betaine increased ileal digestibility of dry matter, starch, nitrogen, fat, ash, energy, and amino 

acids, further supporting its role in maintaining gastrointestinal function under coccidial 

challenge (Amerah & Ravindran, 2015). These findings collectively highlight the protective role 

of betaine in mitigating the detrimental effects of coccidiosis on broiler intestinal health. 

Supplementation with 1,200 ppm of betaine to non-challenged broilers resulted in 

increased total tract nitrogen digestibility, although it did not affect total tract dry matter or 

energy digestibility (Park and Kim, 2019). In a 74-day experiment, 0, 125, 250, 500 and 1000 

ppm of betaine anhydrous were fed to non-challenged broilers (Song et al., 2021). At day 37, all 

inclusions of betaine increased apparent ileal digestibility of dry matter, ether extract, and crude 

protein, however there were no differences in ileal digestibility by day 74. These results indicate 

that betaine can increase nutrient digestion and absorption in both non-challenged and challenged 

broilers, particularly in the earlier stages of growth.  

Supplementation of anhydrous betaine at 1,000 ppm increased BWG and improved FCR 

in 36-day old broilers that were orally inoculated with a mixture of Eimeria species on day 10 

(Waldenstedt et al., 1999) Similarly, the inclusion of 960 ppm of betaine to broilers challenged 

with a mixed Eimeria inoculation was able to significantly decrease FCR (Amerah and 



 22 

Ravindran, 2015). , Broiler chicks fed diets containing 1,500 ppm purified betaine and  66 ppm 

salinomycin and challenged with a mixed Eimeria inoculation significantly increased body 

BWG, decreased FCR, and reduced mortality rates compared to broilers fed neither feed additive 

or each singly (Augustine et al., 1997). This result suggests that the combination of betaine and 

salinomycin may be even more beneficial for broiler performance when supplemented together, 

as opposed to being supplemented individually. This potentially can be attributed to the different 

modes of action these feed additives, which may complement each other, leading to improved 

performance in broilers challenged with coccidiosis. Overall, these experiments suggest that 

betaine has potential as a feed additive for poultry health and performance, with potential 

benefits for managing coccidiosis.  

Benzoic Acid 

 

Benzoic acid, a weak organic acid, crystallizes into a colorless structure (Józefiak et al., 

2010). Benzoic acid’s historical significance as a food preservative is attributed to its 

antimicrobial and antifungal properties (Hazan et al., 2004; Van Immerseel et al., 2006) The 

mode of action of benzoic acid is through the acidification of the bacterial cytoplasm, inhibiting 

cell growth and proliferation (Krebs at al., 1983). These antimicrobial effects may be beneficial 

for broiler gastrointestinal health and performance (Józefiak et al., 2007).  

The antimicrobial properties of benzoic acid have the potential to alter the microbial 

community composition in the gastrointestinal tract of broiler chickens. The effects of pure 

benzoic acid supplementation (2,500, 5,000, and 7,500 ppm) in broiler chickens were 

investigated, finding that only the 7,500-ppm dosage increased lactic acid bacteria and decreased 

coliform bacteria (Józefiak et al., 2007). However, this high concentration also negatively 

impacted broiler performance by decreasing BWG and increasing FCR. In a subsequent 
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experiment, pure benzoic acid was supplemented at 1,000 and 2,000 ppm, showing that 2,000 

ppm significantly increased lactic acid bacteria in the ileum and ceca and decreased coliform 

bacteria in the ileum, but again, higher concentrations negatively impacted broiler performance. 

These studies established that while benzoic acid can beneficially modulate the gastrointestinal 

microbiota, higher concentrations (5,000 and 7,500 ppm) result in reduced broiler performance, 

suggesting a potential toxicity at these levels. Conversely, lower concentrations of benzoic acid 

were able to maintain broiler performance similar to that of the control, suggesting this as an 

upper tolerance estimate for benzoic acid supplementation. In an experiment examining benzoic 

acid at lower inclusion levels (300 and 1,000 ppm), it was observed that both inclusions 

increased lactic acid bacteria and decreased coliform bacteria in the ceca (Giannenas et al., 

2014). Supplementation of 300 ppm increased BWG and decreased FCR, while 1,000 ppm had 

similar BWG and FCR to the non-supplemented control broilers. Encapsulated or coated benzoic 

acid forms have been developed to enhance its effectiveness by ensuring delivery to the distal 

intestine where it is thought to have its positive effects. Supplementation with encapsulated 

benzoic acid at 2,000 ppm showed no significant changes in cecal coliform and enterococci 

bacteria but increased enterococci within the jejunum (Yousaf et al., 2017). However, there was 

a 0.5-Log10 CFU/g increase in enterococci within the jejunum, suggesting a specific impact on 

certain microbial populations without a broad antimicrobial effect. Additionally, 

supplementation of 500 ppm of encapsulated benzoic acid influenced gut bacterial composition 

and activity, specifically decreasing C. perfringens CFUs/g by 77.8% and E. coli CFUs/g by 

97.3%. There were no significant adverse effects on growth performance, indicating that 

encapsulated forms might be used effectively at lower dosages. These findings collectively 

suggest that encapsulated benzoic acid can effectively modulate gastrointestinal microbiota and 
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improve performance at lower inclusion levels, thus mitigating the negative performance impacts 

observed with higher dosages of pure benzoic acid. 

Current literature suggests that benzoic acid may not directly affect nutrient digestibility, 

as benzoic acid has not been shown to influence ileal digestibility (Karami et al., 2020a; Karami 

et al., 2020b). However, benzoic acid may be working indirectly through increased volatile fatty 

acid production (Józefiak et al., 2010). Volatile fatty acids are passively absorbed and contribute 

to apparent metabolizable energy (Bergman, 1990). Supplementation of 2,000 ppm of pure 

benzoic acid has no effect on ileal digestibility of energy or dry matter but increased AME 

(Olukosi and Dono, 2014).  

Benzoic acid has also shown inconsistent effects on intestinal morphology. Feeding 

broilers 1,000 ppm of pure benzoic acid did not alter villus height or crypt depth in the 

duodenum or jejunum, but it significantly decreased crypt depth in the ileum of 42-day old 

broilers (Tzora et al., 2017). Conversely, supplementation with coated benzoic acid at 500 ppm 

significantly increased jejunum villi height in broilers at day 28, whereas broilers that received 

1,000 ppm of coated benzoic acid exhibited similar jejunum villi height to those that did not 

receive any benzoic acid (Karami et al., 2020b). These variations in intestinal morphology 

changes suggest a complex relationship between benzoic acid supplementation and broiler 

intestinal morphology that might be age related. Villus height and crypt depth undergo rapid 

changes during the early weeks of life, particularly the first two to four weeks, and then stabilize 

as the broilers approach market age (Miles et al., 2006). Overall, benzoic acid has the potential to 

reduce harmful bacteria in the gastrointestinal tract, increase total tract nutrient digestibility, 

improve performance, and reduce disease risk in broilers.  
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Butyric Acid/Butyrate 

 

Butyric acid, a short-chain fatty acid, is predominantly generated through the microbial 

fermentation processes (Xiong et al., 2022). Due to its rapid volatility and strong odor, butyric 

acid is typically supplemented in the form of butyrate, wherein it is bound to calcium or sodium 

(Kaczmarek et al., 2016). Encapsulation in vegetable fat is frequently used to control the release 

time and efficacy of butyrate in the gastrointestinal tract of the broilers (Liu et al., 2017). 

Previous research has observed that butyrate supplementation may improve performance, 

intestinal development and integrity, modulate microbial community composition, and reduce 

oocyst shedding (Zhang et al., 2011; Zou et al., 2019; Hansen et al., 2021; Sizmaz et al., 2022). 

The concentration and coating of butyrate in the diet play crucial roles in its effectiveness within 

broilers. Encapsulation techniques, such as microencapsulation in vegetable fats, are employed to 

protect butyrate from premature degradation and to ensure its gradual release in the intestines. 

This controlled release mechanism enhances the availability of butyrate throughout the 

gastrointestinal tract, thereby maximizing its beneficial effects on gastrointestinal health and 

function. The concentration of butyrate is also critical; studies have shown that specific 

concentrations, such as 300 ppm, can significantly reduce intestinal lesions and modulate 

immune responses, leading to improved resilience against gastrointestinal diseases like 

coccidiosis (Zou et al., 2019). Higher concentrations, such as 800 ppm, have been associated 

with substantial improvements in gastrointestinal integrity and reduced pathogen load (Song et 

al., 2017). 

As mentioned previously, inflammation in the gastrointestinal tract is a common 

symptom of coccidiosis in broilers. Butyrate has been shown to have anti-inflammatory 

properties by altering the immune response in the broiler gastrointestinal tract. In a previous 
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study, broilers were administered dextran sulfate sodium, to cause intestinal inflammation (Zou 

et al., 2019). Clinical signs from oral administration of dextran sulfate sodium include decreased 

BW, bloody feces, histological lesions, crypt shortening, crypt loss, and infiltration of 

inflammatory cells. These effects have been demonstrated in both mice and broilers (Yan et al., 

2009; Menconi et al., 2015). Sodium butyrate supplementation at a concentration of 300 ppm to 

broilers challenged with dextran sulfate sodium significantly reduced lesion scores and altered 

cytokine profiles in broiler serum. Specifically, sodium butyrate supplementation led to 

decreased proinflammatory cytokines, with increased concentrations of the anti-inflammatory 

cytokines. These findings indicate that the beneficial effects of sodium butyrate may not be 

limited to localized improvements in intestinal health but extend to systemic anti-inflammatory 

responses. By modulating the immune response at a systemic level, sodium butyrate may 

improve overall health and resilience in broilers, highlighting its potential as a dietary 

supplement for promoting both gastrointestinal and systemic health. Moreover, in broilers 

infected with necrotic enteritis, lesion scores were significantly lower in broilers supplemented 

with 800 ppm of microencapsulated sodium butyrate compared to the broilers in the control 

treatment (Song et al., 2017). 

Butyrate may serve as an energy source for enterocytes and may increase the 

proliferation and differentiation of cells within in the gastrointestinal tract (Salvi and Cowles, 

2021). In a separate study, supplementation of varying doses of sodium butyrate (0, 200, 400, 

800, or 1,000 ppm) or antibiotics (100 ppm aureomycin and 20 ppm colistin sulfate) was 

examined in Arbor Acres male broilers (Wu et al., 208). The supplementation of sodium butyrate 

increased intestinal differentiation of cells by significantly increasing goblet cells counts on 

jejunal and ileal villi, along with a trend towards increased (P < 0.10) ileal villus height. The 
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increase in enterocyte proliferation and differentiation may improve gastrointestinal integrity and 

intestinal barrier function in broilers. The barrier function of the gastrointestinal tract is essential 

for preventing the invasion of pathogens and reducing inflammation associated with coccidiosis. 

Supplementation of 300 ppm of sodium butyrate significantly decreased D-lactate, a serum 

marker that may indicate gut leakiness, compared to the dextran sulfate sodium treatment (Zou et 

al., 2019). Furthermore, in an experiment conducted without challenge conditions, 

supplementation of 300 ppm of sodium butyrate significantly improved intestinal morphology in 

both female breeders and progeny (Xiao et al., 2023). The progeny showed a significant decrease 

in jejunal crypt depth and an increase villus height, alongside significant effects on the female 

breeder jejunal and ileal intestinal barrier genes. The improvement in intestinal health and barrier 

function may also be beneficial for reducing the proliferation of coccidiosis. The 

supplementation of a coated butyrate at 400 ppm was observed to reduce oocyst shedding in 

broilers challenged with a mixed Eimeria vaccine (Sizmaz et al., 2022). Similarly, the 

supplementation of 4,000 ppm of butyric acid glycerides reduced oocyst shedding compared to 

control broilers (Ali et al., 2014).  

In addition to these findings, supplementing non-challenged broilers with 300 ppm of 

sodium butyrate was observed to decrease crypt depth, while increasing villus height, ileal crude 

protein digestibility, and total tract energy and crude fat digestibility in comparison to control 

broilers (Kaczmarek et al., 2016). Similarly, supplementation of 300 ppm of a fat-coated sodium 

butyrate significantly increased apparent total tract digestibility of nitrogen and organic matter 

(Smulikowska et al., 2009). These results demonstrate the potential of butyrate to increase 

nutrient absorption and optimize growth rates in broilers. Despite coccidiosis typically impairing 

nutrient absorption due to villi damage, these findings suggest that butyrate supplementation 



 28 

could mitigate these effects and support optimal growth even under challenging conditions, like 

coccidiosis. 

Combining Multiple Modes of Action 

 

While garlic, cinnamaldehyde, betaine, butyrate, and benzoic acid have shown promise as 

feed additives to improve gastrointestinal health, modulate immune response, and improve 

broiler performance, their effectiveness may vary. Several factors influence their consistency, 

including the form of the additive, dosage, method of administration, environmental conditions, 

and the specific health challenges faced by the poultry (Yang et al., 2015; Polycarpo et al., 

2017). The bioactive compounds in these additives can vary significantly depending on their 

form, such as powder, essential oil, or encapsulated form, and dosage. Encapsulation, for 

instance, can protect the active ingredients from degradation and ensure a controlled release, 

leading to more consistent results. Additionally, the administration method of the feed additive 

whether mixed in feed, provided in water, or through other means may affect their bioavailability 

and efficacy (Rychen et al., 2018). Environmental conditions such as temperature, humidity, and 

overall farm management practices also impact the health of the broilers and, consequently, the 

effectiveness of the feed additives (Cooper and Washburn, 1998; Williams, 1999).  

To address the variability in response and enhance overall effectiveness, combining 

multiple feed additives with different modes of action has been proposed. This approach 

leverages the unique benefits of each additive, creating a synergistic effect that can improve 

broiler health and performance across various situations. Combining additives with different 

antimicrobial, anti-inflammatory, and immune-modulating properties may provide a broader 

spectrum of activity, creating a more comprehensive defense against a range of pathogens and 

health challenges. Synergistic effects can lead to enhanced performance, including improved 
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growth rates, better feed conversion ratios, and overall enhanced performance, even under stress 

conditions to perform similarly to the modes of action of antibiotics (Abd El-Hack et al., 2022). 

Additionally, combining different feed additives may provide an alternative to antibiotics, 

helping to mitigate antibiotic resistance concerns. 

Previous research has observed various synergistic combinations of feed additives in 

poultry nutrition. Supplementation with oregano and garlic essential oils, each at 150 ppm, 

significantly decreased Clostridium spp. within the small intestine compared to non-challenged 

control broilers (Kırkpınar et al., 2011). In another study, broilers orally challenged with necrotic 

enteritis and supplemented with a protected blend of essential oils (ginger oil and carvacrol) and 

protected sodium butyrate at 1,500 ppm showed significantly increased body weight gain, villus 

length and villus-to-crypt ratio, and decreased lesion scores compared with the control broilers 

(Jerzsele et al., 2012). The effects of lauric acid monoglyceride and cinnamaldehyde 

supplementation in broilers challenged with 5,000 oocysts of E. acervulina were also 

investigated (Zheng et al., 2023). Supplementation with 500 ppm of lauric acid monoglyceride 

and cinnamaldehyde resulted in improvements in body weight gain, feed conversion ratio, 

jejunum and ileum morphology, and increased gene expression of intestinal barrier proteins and 

mucosal inflammatory markers. Furthermore, supplementation with 300 ppm of a combination 

of benzoic acid and essential oils (thymol, eugenol, and piperine) to broilers raised on used litter 

seeded with coccidia spores resulted in reduced E. acervulina lesion scores and improved 

performance compared to the broilers on used litter with no feed additives included (Aristimunha 

et al., 2016). While individual feed additives like garlic, cinnamaldehyde, betaine, butyrate, and 

benzoic acid show significant potential, their effectiveness can vary based on several factors. 

Combining multiple additives with different modes of action offers a strategy to achieve more 
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consistent and enhanced results, ultimately contributing to better broiler health and performance. 

This approach not only helps in managing coccidiosis and other health challenges but also 

supports the broader goal of reducing antibiotic reliance in poultry production. 

Factors Influencing Litter Quality and Impact on Broiler Performance 

 

Litter is the term used for the material covering the floors of most poultry houses, 

especially houses used for meat production. The purpose of litter is to provide cushioning, 

insulating the birds from the floor, and to keep the birds dry (Collett, 2012). The common 

materials that are used for litter include wood shavings, rice hulls, peanut hulls, pine sawdust, 

straw and other materials that are dry and absorbent (Andrews and McPherson, 1963; Grimes et 

al., 2002). All litter materials must possess adequate water holding capacity and moderate drying 

rates. An important concern with litter develops when it becomes saturated and is incapable of 

holding additional moisture, this condition is referred to as wet litter (Hermans et al., 2006). The 

presence of wet litter in broiler houses can potentially lead to issues related to broiler health, 

animal welfare, food safety, environmental impacts, and overall reductions in production 

(Dunlop et al., 2016). The University of Georgia estimated poor litter conditions can 

conservatively result in the loss of $950 for a single flock of 20,000 birds (Ritz et al., 2009). The 

costs associated include increased environmental ammonia, increased risk of disease and 

parasites all resulting in increased condemnations, downgrades, and decreased overall 

performance. However, addressing the issue of wet litter is a difficult challenge, as it is multi-

factorial including management of the environmental conditions, nutrition, and disease (Figure 

2.2; Dunlop et al., 2016).  
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Figure 2.2. Factors that contribute to wet litter. Figure created by the author. 

 

Management practices and environmental conditions  

 

Wet litter is not a recent issue and likely dates to the earliest days of poultry raised within 

houses. Over a century ago, one of the earliest recorded management factors contributing to wet 

litter was moisture condensation due to inadequate construction and ventilation (Dann, 1923). 

Despite advancements, ventilation remains a persistent issue that can result in wet litter. 

Insufficient or poorly managed ventilation may result in poor drying of the litter and a build-up 

of moisture within the litter. Air velocity is critical to litter management as slow air movement 

across the house does not allow warm and cool air to mix before falling to the ground potentially 

creating condensation on the litter and ultimately increased litter moisture. This failure of 

ventilation is typically more prevalent in the fall, winter and spring months when cooler 

temperatures necessitate the use of side ventilation (Hermans et al., 2006). Ventilation 

management is critical as high ventilation rates in cooler weather can generate drafts and cool 

spots causing broilers to crowd together (Payne, 1967). This increased stocking density locally 

may result in increased excreta loads into the litter and generation of wet litter, as excreta 
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becomes more concentrated in crowded areas rather than being evenly distributed throughout the 

house.  

As noted above, seasonality plays a large role in litter moisture management. During the 

warmer summer months of April through August, increased ventilation for bird cooling results in 

drier litter. Broiler production during the cooler winter months of October through February 

requires a higher level of commitment and management to ensure quality litter. A survey was 

conducted from January 1984 to December 1985 on commercial broiler farms in Northern 

Ireland indicating a strong correlation (R2 = 0.77) between the incidence of contact dermatitis 

and poor (wet) litter conditions (McIlroy et al., 1987). In this same survey, the authors found that 

83% of poor (wet) litter conditions were observed during the winter months. These seasonal 

effects are due to decreases in ventilation rates typically observed in cold weather as operations 

reduce airflow to maintain house temperature and save on heating costs (Shepard and Fairchild, 

2010).  

Water spillage from inadequate drinker management is a factor contributing to wet litter 

(Dann, 1923). Advancements in poultry drinker design, particularly with nipple drinkers, have 

evolved to function effectively without the need for drip cups. This improvement suggests that 

modern nipple drinkers alone may now maintain better litter conditions compared to earlier 

designs and bell drinkers (Bray and Lynn, 1986). However, even with the improvements in 

drinker design there is still the possibility of wet litter. Drinkers that are set at improper heights 

or drinkers with excessive water pressure often led to increased litter moisture (Shepard and 

Fairchild, 2010). Ensuring water lines are set to the appropriate height and implementing regular 

flushing and sanitization of the water lines will help in minimizing water leakage (Shepard and 

Fairchild, 2010).  
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Broiler producers frequently increase the stocking density of broilers as a strategy to 

increase total live weight of production within a house and ultimately weight of final product 

produced. However, the increase in stocking density is also correlated with increased litter 

moisture and reduced litter quality (Guardia et al., 2011). Previous research observed that as 

stocking density increased from 16 birds/m² to 22 birds/m², there was an increase in litter 

moisture from 28 days of age until the end of the experiment (Sørensen et al., 2000). There was a 

linear increase in litter moisture content as the stocking density was increased in both heavy 

broiler chickens (Dozier et al., 2005) and light broiler chickens (Dozier et al., 2006). In a more 

recent report, the industry-standard stocking density (0.23 m2 per bird) was compared to a low 

stocking density (0.27 m2 per bird) with higher stocking densities resulting in a significant 

increase in litter moisture from week 2 until the end of the experiment (McKeith et al., 2020). 

These results demonstrate the significance of proper stocking density for maintaining litter 

quality.  

Nutrition 

 

Nutrition influences litter quality in poultry production. Even minor nutritional 

imbalances can cause osmoregulatory disturbances, leading to flushing, a condition characterized 

by excessively wet excreta (Collett, 2012; Ferket and Veldkamp, 1999). Feed ingredients such as 

corn and soybean meal contain varying levels of anti-nutritional factors, including non-starch 

polysaccharides (NSPs), which can increase intestinal viscosity, reduce nutrient absorption, and 

result in excessive water excretion (Bedford, 1996). Increased intestinal viscosity has been linked 

to higher water intake and reduced water absorption, further exacerbating litter moisture issues 

(Van der Klis and Van Voorst, 1993).  
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Electrolyte balance also plays a critical role in maintaining litter quality. Dietary 

electrolyte balance (DEB), primarily influenced by sodium, potassium, and chloride levels, 

impacts water retention and excretion. While an optimal DEB level of 250 mEq/kg supports 

broiler performance and litter quality, excessive DEB levels have been associated with increased 

water intake, higher litter moisture, and reduced excreta dry matter (Mongin, 1981; Borges et al., 

2003; Ravindran et al., 2008; Mushtaq et al., 2013). Overall, nutritional factors such as protein 

imbalances, electrolyte excesses, and anti-nutritional compounds contribute to osmoregulatory 

disturbances, increasing the risk of wet litter and its associated welfare and performance 

challenges (Wheeler and James, 1950; Ferguson et al., 1998; Luo et al., 2022). 

Disease 

 

Any disease capable of inducing enteric disorders, such as nutrient malabsorption or 

diarrhea, may lead to decreased litter quality. As mentioned previously, coccidiosis may result in 

both nutrient malabsorption and increased incidences of diarrhea (Williams, 1998). The 

combination of coccidia with poor management may amplify the issues of wet litter and disease. 

An experiment was conducted to observe Eimeria spp. populations on two broiler farms with 

identical anticoccidial programs but differing management practices (Stayer et al., 1995). The 

farms had differences in litter moisture due to management of the facilities. The farm with the 

higher litter moisture exhibited higher oocyst counts in both excreta and litter compared to the 

farm with lower litter moisture.  

Experimental models to induce necrotic enteritis have used coccidia and the 

supplementation of NSPs to facilitate the over-proliferation of Clostridium perfringens, resulting 

in a necrotic enteritis disease state (Branton et al., 1987; Collier et al., 2008). Broiler flocks with 

necrotic enteritis typically exhibit gastrointestinal damage, increased excretion of nutrients, and 
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diarrhea (Helmboldt and Bryant, 1971; Hofacre et al., 2003; Williams, 2005). A 2 x 2 factorial 

experiment was conducted to investigate the combination of sub-clinical necrotic enteritis with 

high dietary sodium (Sharma et al., 2018). The necrotic enteritis challenge significantly 

increased litter moisture regardless of sodium level. Specifically, in the treatments with normal 

sodium, litter moisture increased to 40% with the necrotic enteritis challenge, compared to 23% 

in the unchallenged treatment. Similarly, in the treatments with high sodium, litter moisture 

increased to 54% with the necrotic enteritis challenge, compared to 48% in the unchallenged 

treatment. Diseases capable of inducing enteric disorders, such as coccidiosis and necrotic 

enteritis, may significantly impact litter quality, worsening litter quality and disease state.  

The interaction between coccidial infection and litter quality impacts broiler performance 

and gastrointestinal health. Coccidiosis, caused by Eimeria species, poses a severe challenge in 

poultry production, leading to intestinal damage, reduced nutrient absorption, and compromised 

growth. It has been speculated that high litter moisture exacerbates the risk of coccidial 

transmission, creating a conducive environment for the sporulation and proliferation of Eimeria 

oocysts. Addressing these challenges necessitates a multifaceted approach, integrating dietary 

interventions and litter management strategies. Dietary feed additives have emerged as promising 

solutions to improve gastrointestinal health and mitigate the effects of coccidiosis. Essential oils, 

betaine, benzoic acid, and butyrate have distinct modes of action across intestinal health. 

Essential oils possess antimicrobial and anti-inflammatory properties, reducing pathogenic 

bacteria and alleviating intestinal damage. Betaine acts as an osmolyte and methyl donor, 

maintaining cell integrity under stress and supporting immune function. Benzoic acid lowers 

gastro-intestinal pH, creating an unfavorable environment for pathogens, while potentially 

increasing total tract nutrient digestibility. Butyrate promotes intestinal barrier integrity, reduces 
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inflammation, and modulates the gut microbiota, fostering a healthier gut environment. 

Optimizing litter quality through effective management practices is equally critical. Proper litter 

management involves maintaining appropriate moisture levels, ensuring good ventilation, and 

regular removal of wet or soiled litter. These practices reduce the survival and transmission of 

Eimeria oocysts, minimizing the risk of coccidial outbreaks. The combination of dietary feed 

additives with robust litter management provides a comprehensive strategy to improve broiler 

performance and welfare when challenged with coccidiosis. While previous studies have 

highlighted the benefits of individual feed additives and litter management practices, there is a 

lack of comprehensive strategies that integrate these approaches. Combining dietary 

interventions with litter management has the potential to achieve sustainable improvements in 

broiler health and performance. Exploring these integrated strategies sets the stage for further 

research aimed at validating these approaches under commercial conditions. Additionally, 

assessing the practical implications of improved litter management practices in commercial 

poultry settings through rigorous experimentation and analysis will provide concrete 

recommendations for poultry producers. This will contribute to the development of sustainable 

and effective health management practices that ensure optimal broiler performance and welfare. 
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SUMMARY 

 

An experiment was conducted to evaluate the effects of essential oils (garlic and cinnamon 

extracts) and betaine on growth performance and oocyst shedding of 42-d old male broilers 

raised on used litter seeded with coccidia oocysts. Treatments included: negative control (NC) a 

non-supplemented diet with broilers raised on fresh shavings, positive control (PC) the same 

non-supplemented diet with broilers raised on used litter, the same diet formulation with 50 ppm 

of active salinomycin sodium (Bio-Cox 60;PC+Sal) raised on used litter, or the same diet 

formulation with 500 ppm of essential oils and 250 ppm of betaine (PC+EO+B) raised on used 

litter. The PC worsened performance (BW gain; BWG or mortality corrected FCR; FCRm) in 

comparison to NC and PC+Sal over 0-16 and 0-29 d (P ≤ 0.05) and 0-42 d (P ≤ 0.10). The 

PC+EO+B increased BWG relative to PC over 0 to 16 and 0 to 29 d (P ≤ 0.05) and from 0 to 42 

d (P = 0.07). The PC+EO+B improved FCRm in comparison to PC over 0 to 16 and 0 to 42 d (P 

≤ 0.05). The PC+EO+B was similar to NC and PC+Sal for BWG and FCRm across all time 

periods (P > 0.05). Oocyst counts were lowest in NC, highest in PC, and intermediate in PC+Sal 

and PC+EO+B for all periods. In conclusion, the reduced performance and increased oocyst 

shedding in the PC validate a mild coccidiosis infection and the combination of essential oils and 

betaine were able to ameliorate the negative effects. 

  

DESCRIPTION OF PROBLEM 

 

Coccidiosis is a host-specific protozoa and parasite of the genus Eimeria that can infect 

the intestinal mucosa of the bird from the duodenum to the ceca. Afflicted broilers can display 

subclinical symptoms including reduced nutrient absorption, and morbidity, or clinical infections 
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resulting in increased mortality (Persia et al., 2006; Vermeulen et al., 2007). The costs from both 

subclinical and clinical infections of coccidiosis have been estimated to cost US$13.2 billion 

worldwide in 2016 (Blake et al., 2020). The reduced use of antibiotics in the poultry industry has 

resulted in a greater potential of coccidiosis and other enteric diseases. Therefore, the 

development of alternatives to antibiotics is critical to maintain an eubiotic environment within 

the broiler while also continuing efficient broiler production. 

Several phytogenic compounds have been identified that have specialized anticoccidial 

effects in poultry. The essential oils found in cinnamon contain a bioactive compound, 

cinnamaldehyde, that is beneficial for broiler performance and intestinal health (Lee et al., 2011; 

Yang et al., 2020; Qaid et al., 2022). More specifically, 150 ppm of cinnamaldehyde reduced 

coccidial lesions in broiler chickens challenged with E. acervulina (Orengo et al., 2012). The 

essential oils found in garlic, contain bioactive compounds including allin, ajoene, allicin and 

diallyl sulfide, which have the potential to ameliorate coccidial infection in broilers (Nahed et al., 

2022). Previous research has shown that garlic extract enhances broiler immunity by increasing 

Eimeria antibody responses and decreases fecal oocyst shedding (Kim et al., 2013). The 

supplementation of 15 g/kg of dried and ground garlic to broilers challenged with coccidiosis 

reduced oocyst shedding and improved BW and FCR (Ali et al., 2019). Natural betaine is a by-

product of sugar beet processing and is a trimethyl molecule derived from the amino acid 

glycine. Supplementation of betaine has resulted in increased growth performance, muscle yield, 

fat metabolism, and immunity in broilers (Augustine et al., 1997; Kettunen et al.,2001; Ghasemi 

and Nari, 2020; Awad et al., 2022). Moreover, the use of 960 ppm of natural betaine improved 

nutrient digestibility and reduced intestinal lesion scores when fed to broilers that were orally 

gavaged with 180,000, 6,000 and 18,000 sporulated oocysts of E. acervulina, E. maxima, and E. 
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tenella, respectively (Amerah and Ravindran, 2015). The supplementation of 1,000 ppm of 

natural betaine has the potential to exert a protective effect by ameliorating intestinal injury 

through the suppression of inflammatory responses, and enhancing mucosal barrier function 

(Alhotan et al., 2021). Overall, these feed additives individually have been shown to have 

beneficial effects against coccidiosis in broilers, but little research has investigated the 

combination of these essential oils and betaine. The differences in mode of action among these 

essential oils and betaine suggest potential synergistic effects when used in broilers. Therefore, 

the current experiment was conducted to evaluate the effects of the combination of the essential 

oils of cinnamon and garlic with betaine on broiler growth performance, intestinal lesion scores, 

and oocyst shedding when broilers were raised on reused litter seeded with coccidia oocysts. 

 

MATERIALS AND METHODS 

 

Animals and Experimental Diets 

 

This experiment was conducted according to the guidelines of the Virginia Tech 

Institutional Animal Care and Use Committee. A total of 1,152 male Ross 708 broiler chicks 

were selected from a group of chicks obtained from a commercial hatchery (Longenecker's 

Hatchery, Elizabethtown, PA). Broilers were assigned to four experimental treatment groups that 

were randomly assigned within 12 replicate pens that contained 24 chicks per pen. Broiler floor 

pens (1.372 m x 1.372 m) were stocked with birds to result in 0.090 m2 per broiler at the end of 

the experiment (maximum of 21 birds per pen after 3 birds were euthanized for sample collection 

on d 16). Treatments consisted of a negative control (NC) that received a non-supplemented diet 

and housed on clean pine shavings litter; a positive control (PC) that received the same diet but 
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housed on used litter; PC+Sal was generated with a similar diet formulation supplemented with 

50 ppm of active salinomycin sodium (Bio-Cox 60, Huvepharma, Peachtree City, GA 30269) 

and housed on used litter; and finally PC+EO+B was generated with a similar diet formulation 

supplemented with 500 ppm of Excential Alliin Plus (garlic and cinnamon essential oils, Orffa 

Additives, Breda, Netherlands) and 250 ppm of Excential BetaKey 74 (74% betaine HCL and 

anhydrous betaine, Orffa Additives, Breda, Netherlands) and housed on used litter. All diets 

were generated using a basal diet of common ingredients before feed additives were added on 

top. Experimental diet formulation for starter (D 0 to 16), grower (D 16 to 29), and finisher diets 

(D 29 to 42) are described in Table 1. Starter feed was provided as a crumble, while grower and 

finisher diets were provided as pellets. Broilers were provided ad libitum access to experimental 

feed and water. 

This used litter model was generally based on the methods of Sizmaz and colleagues 

(2022). For each pen designated as used litter, 25 d-old off-male chicks from a female broiler 

breeder line were provided approximately 600 g of feed treated with coccidial vaccine via a 

cardboard tray for the first 3 d. This treated diet was generated by pre-mixing a vial of 

Coccivac® B-52 (Rahway, NJ) with 900 g of mash feed before mixing the premix into the 

remain mash feed to generate 45 kg of treated mash feed. After the first 3 d, the seeder birds 

were fed common starter and grower diets until 18 d when the seeder birds and feed were 

removed from all pens. This 18-d period allowed for the seeder birds to shed coccidial spores 

into the litter before experimental birds were placed into the pens. All used litter was moved to 

the center of the house, mixed and redistributed to the used litter pens. The pens randomly 

selected for NC remained empty until used litter was redistributed to the other pens and fresh 

clean pine shavings were placed into the NC pens. Experimental birds were placed into pens and 
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the experiment started after 3 d of downtime. The pen temperature was set to 35°C for the first 3 

d and gradually decreased until 20°C was reached and maintained. Continuous lighting and 

supplemental heat were provided via heat lamps from 0-3 d of age after which 20 h of light and 4 

h of darkness was provided from 3-42 d of age.  Bird checks occurred at least twice daily for 

health checks and mortality removal.  

 

Growth Performance 

 

Birds were weighed on a pen basis on d 0, 16, 29, and 42 to correspond with diet phase 

changes.  Body weight gain (BWG) and feed intake (FI) were calculated for the 0 to 16, 0 to 29, 

and 0-42 d periods. Body weight gain was determined by the difference between initial body 

weight and respective body weights for each period. Feed intake was calculated by the difference 

between feed offered and refused for corresponding periods. Broilers that died, were sampled, or 

culled were weighed, recorded, and used to correct the feed conversion ratio. Mortality corrected 

feed conversion ratio (FCRm) was calculated by the total pen feed intake divided by the total pen 

BWG plus total pen mortality BWG.   

 

Lesion Scoring 

 

On d 16, three birds per pen were selected, individually weighed, and euthanized for 

lesion scoring. The duodenum, jejunum, and ileum were scored for lesions. Lesion scoring was 

performed by 3 individuals (blinded by experimental treatment), with each individual scoring 

one bird per pen to minimize scoring bias across treatments. Each section was scored according 

to the methods reported by Johnson and Reid (1970) using a scale of 0 to 4.  
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Oocyst Shedding 

  

On d 11 to 13, 17 to 19, and 22 to 24 fresh excreta were collected from each pen to 

determine oocyst shedding. Approximately two to four fresh excreta samples were collected 

daily on three consecutive d to create one composite sample for each pen for each sample period. 

The method for storage and preparation of the fresh excreta was adapted from Long (1970). 

Briefly, once the excreta were weighed and recorded, a 0.9% saline solution was added on top of 

the excreta and stored in the refrigerator at 4°C. The composite samples were then standardized 

to 30 mL within the conical tube. Then, 10 mL of 5% potassium dichromate was added to each 

conical tube. The conical tubes were placed into an incubator for 48 hours at 28°C. After the 

incubation process, the samples were put back into the refrigerator at 4°C. Oocysts were counted 

in quadruplicate using a counting chamber (McMaster; JA Whitlock & Company, New South 

Wales, Australia) and microscope (Olympus CX21-FS1, Tokyo, Japan) set at 10× magnification 

(Dalloul et al., 2003). The total number of oocysts (sporulated and unsporulated) were calculated 

using the formula:  

 

Total oocysts/g of excreta = (oocyst counted / chamber volume) × dilution factor × (composite 

sample volume/g of excreta used). 

 

Statistical Analysis 

 

All data were analyzed using JMP Pro 16 (SAS Institute Inc., Cary, NC) by one-way 

ANOVA. Each pen was considered an experimental unit. Statistical differences were considered 
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significant if ANOVA was P ≤ 0.05. If significant ANOVA differences were noted, means were 

separated using Student’s t-test (Sarsour and Persia, 2022). One replicate pen from the PC was 

excluded from analysis due to a water outage event and the pen potentially being without water 

for up to 18 hours. 

 

RESULTS AND DISCUSSION 

 

 The effects of essential oils and betaine on BWG, FCRm, and mortality of male broilers 

raised on used pine shaving litter seeded with coccidia are presented in Table 2. There were no 

differences in initial BW with the average across all treatments being 43.2 g per chick (P = 0.55). 

The PC resulted in a 36 and 41 g reduction in BWG over the 0 to 16 d period in comparison to 

NC and PC+Sal, respectively (P ≤ 0.05). Likewise, from 0 to 16 d the PC worsened FCRm by 3 

and 4 points, respectively, in relation to the NC and PC+Sal (P ≤ 0.05). This response agrees 

with previous research as broilers are more susceptible to disease stress until the immune system 

maturation at d 30 (Song et al., 2021). Similarly, over 0 to 29 d, BWG in the PC was reduced by 

84 g and 92 g in comparison to the NC and PC+Sal, respectively (P ≤ 0.05). Although there were 

no significant differences in FCRm among the PC, NC, and PC+Sal birds from 0 to 29 d, the 

FCRm was reduced by 1.3 and 4.1 points in the PC in comparison to the NC and PC+Sal, 

respectively (P = 0.09). The 29-day period noted above includes 3-4 weeks of age is when 

broilers experience the greatest coccidial infection (Snyder et al., 2021). Over the entire 42 d 

experiment, BWG was decreased in the PC by 125 and 236 g in comparison to NC and PC+Sal, 

respectively (P = 0.07). Over the same 0 to 42 d period, the PC increased FCRm by 5.5 points in 

comparison to the PC+Sal (P ≤ 0.05), with the 3.7-point increase in FCRm in comparison to the 

NC an intermediate response between the two. Overall mortality remained low throughout the 
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42-d experiment as the NC, PC, PC+Sal, and PC+EO+B resulted in 3.5, 2.8, 4.5, and 2.1% 

mortality, respectively. The used litter model was able to replicate a more typical broiler industry 

response to sub-clinical coccidial infection with overall decreased performance without a large 

increase in mortality (Blake et al., 2020).  

The PC+EO+B treatment improved BWG by 33 g and FCRm by 4.6 points in 

comparison to the PC (P ≤ 0.05) returning performance similar to that of the NC and PC+Sal 

over the 0 to 16 d starter period (P > 0.05). Previous research has observed that 10 ppm of garlic 

extracts were able to improve broiler BWG by 60 g from 10 to 20 d of age when orally gavaged 

at 10 d of age with 1.0 x 104 sporulated oocysts of E. acervulina (Kim et al., 2013). Over the 0 to 

29 d period, PC+EO+B increased BWG by 99 g in comparison to the PC (P ≤ 0.05) resulting in 

performance similar to both the NC and PC+Sal (P > 0.05). However, there were no significant 

differences among treatments for FCRm from 0 to 29 d although PC+EO+B improved FCRm by 

4.1 points in comparison to the PC (P = 0.09). Over the entire 0 to 42-day experimental period, 

there were no differences among treatments for BWG. However, the PC+EO+B broilers showed 

a 174 g increase compared to the PC group (P = 0.07). Additionally, the PC+EO+B treatment 

improved FCRm by 5.4 points compared to the PC broilers (P ≤ 0.05), resulting in FCRm values 

similar to both the NC and PC+Sal groups (P > 0.05). Garlic, cinnamon, and betaine all have the 

potential to limit or inhibit colonization of pathogenic bacteria (Peinado et al., 2012; Park and 

Kim, 2017 and Nouri, 2019), which may contribute to the increased performance in broilers 

(Bedford, 2000). Little research has been conducted investigating the combined effects of 

essential oils and betaine on used litter, however, individual supplementation of garlic, 

cinnamon, and betaine have been reported to improve broiler BWG and FCR when those birds 

were exposed to coccidial challenge. Supplementation of 15,000 ppm of dried garlic to broiler 
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chickens orally challenged with sporulated E. tenella resulted in significant improvements in BW 

and FCR (Ali et al., 2019). A 28-d floor pen study was conducted by Yang and cohorts (2020) to 

investigate the use of 100 ppm encapsulated cinnamaldehyde on broiler performance when 

challenged with a commercial vaccine spray at day of hatch. Although the cinnamaldehyde did 

not increase BWG, improvements were noted in FCR compared to the control. When 1,000 ppm 

betaine was supplemented to 36-day old broilers that were orally inoculated with a mixture of E. 

acervulina, E. praecox, E. maxima, and E. tenella on d 10 showed a 144 g improvement in BWG 

and a 9-point improvement in FCR in comparison to the control (Waldenstedt et al., 1999). A 

similar experiment was conducted by Amerah and Ravindran (2015) where broilers were orally 

gavaged with a mixed Eimeria species vaccine on d 14 and were supplemented with natural 

betaine at 960 g/ton. The betaine improved FCR, but not BWG. The improved performance in 

the current experiment can be potentially attributed to the combination of essential oils and 

betaine that have been shown to act with different modes of action in broilers (Horn et al., 2016; 

Wen et al., 2021; Qaid et al., 2022). However, due to limitations of individual controls, it is not 

possible to discern if the betaine or the essential oil product were providing the response 

individually, and all responses have to be attributed to the combined feed additives.  

There were no differences in observed intestinal lesion scores in any section of the broiler 

small intestine (P > 0.05), regardless of used litter, anticoccidial or essential oil and betaine 

treatment (Table 3). Lesion scores provide insight into intestinal damage cause by Eimeria; 

however, scoring may be subjective and has a narrow observational window for peak incidence 

(Chasser et al., 2020). Consequently, lesion scores should be used in combination with other 

coccidial infection measurements, such as oocyst shedding (Mesa-Pineda et al., 2021). In this 

experiment, lesion scores were present in the NC and there is no explanation for this result. 
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However, these data are contradictory with the performance and oocyst shedding data. Given 

that the performance and oocyst shedding are from multiple time periods, while the lesion score 

is a single time point more weight is given to the performance and oocyst shedding data as 

conformation of coccidial challenge. The overall lesion scores among all treatments were low, 

which agrees with published research when broilers were provided a coccidiosis vaccine (Cloft 

et al., 2019). Low lesion scores (less than 1.5 per species) are indicative of a subclinical 

challenge (De Gussem, 2007) which was the objective of this research. In contrast, when more 

virulent strains of Eimeria are utilized, broilers have been shown to experience more severe 

lesion scores (Williams, 2003). Broilers supplemented with 960 g/ton of betaine resulted in 

decreased lesion scores in the duodenum and the lower portion of the jejunum at d 21 (Amerah 

and Ravindran, 2015). Similarly, broilers supplemented with 150 ppm of cinnamaldehyde and 

orally inoculated with 1 x 105 sporulated E. acervulina oocysts at d 25 resulted in reduced 

duodenal lesion score in comparison to the control (Orengo et al., 2012). Additionally, broilers 

supplemented with 15,000 ppm of garlic extract and orally gavaged with 2 x 104 sporulated E. 

tenella on d 8 had decreased lesion scores (Ali et al., 2019). The previous literature has primarily 

focused on clinical infection, and it would be expected that subclinical coccidial infection, as 

generated in the current research, would result in lower lesion scores with limited treatment 

effects. 

The effects of essential oils and betaine on oocyst shedding from 11-13, 17-19, and 22-24 

d of age are presented in Figure 1. As expected, regardless of collection period, the NC resulted 

in the lowest coccidia oocyst counts and the PC resulted in highest oocyst shedding counts (P ≤ 

0.05). During the 11 to 13 and 17 to 19 sample periods, PC+Sal resulted in reduced oocyst 

shedding in comparison to the PC but were still increased in comparison to NC (P ≤ 0.05). 
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However, over the same 11 to 13 and 17 to 19 d sample periods, PC+EO+B did not reduce 

oocyst shedding in comparison to the PC (P ≤ 0.05). During the final collection period, 22-24 d, 

PC+Sal resulted in counts similar to PC (P > 0.05). Conversely, PC+EO+B resulted in counts 

reduced in comparison to PC (P ≤ 0.05). The oocyst shedding pattern observed in this 

experiment is comparable to the oocyst shedding seen in previous commercial broiler flocks 

vaccinated with coccidiosis vaccine at the hatchery (Snyder et al., 2021).  In previous research, 

the individual feed additives have been shown to alter coccidial oocyst shedding.  Dried garlic 

reduced oocyst shedding in broilers infected with coccidia positive cecal contents (Ali et al., 

2019). Supplementation of 1,000 ppm betaine increased the recruitment of leukocytes locally in 

broilers inoculated with E. acervulina which ultimately resulted in the disappearance of 

sporozoites 7 d after initial inoculation (Klasing et al., 2002). Broilers were supplemented 2,000, 

4,000 and 6,000 ppm of Cinnamomum verum powder and orally gavaged with 40,000 E. 

tenella sporulated oocysts (Qaid et al., 2021). The inclusion of 6,000 ppm of cinnamon 

significantly reduced oocysts shedding compared to the control, while 2,000 ppm and 4,000 ppm 

were intermediate. The differences in response timing in the current experiment could be due to 

the different modes of action occurring between the PC+Sal and PC+EO+B treatments. The 

PC+Sal has direct inhibition on coccidial cell proliferation resulting in reduced shedding earlier 

within the cycle (Bolder et al., 1999). The combination of PC+EO+B is potentially stimulating 

the immune response of broilers (Klasing et al., 2002; Elmowalid et al., 2019; Nouri, 2019) 

resulting in the reduced oocyst shedding counts over the later 22-to-24-d collection period. The 

delay associated with this response is likely due to the timed response of the immune system to 

the challenge and stimulus (Giambrone et al., 1984). Previous research has shown that garlic has 

the potential to elicit this delayed response in oocyst shedding. Broilers supplemented with garlic 
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and oregano essential oils resulted in a reduction of oocyst shedding at d 28 and a further 

reduction by d 37 (Sidiropoulou et al., 2020).  

 

CONCLUSIONS AND APPLICATIONS 

 

1. Growing broilers on used litter seeded with coccidial vaccine was able to reduce overall 

performance without increasing mortality when compared to broilers raised on clean litter, 

and broilers raised on the same used litter, but provided an anti-coccidial treatment.   

2. The combination of the essential oils and betaine was able to improve BWG and FCRm in 

comparison to the PC returning performance to that of the NC broilers raised on clean litter 

or provided an anti-coccidial treatment.   

3. The combination of the essential oils and betaine reduced oocyst shedding later in the 

coccidial shedding cycle suggesting a potentially different mode of action than direct anti-

coccidial treatment.  
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Table 1. Formulation and nutrient composition of experimental diets fed to male broiler chickens 

provided of essential oils and betaine and raised on used pine shaving litter seeded with coccidia 

oocysts.1 

1 Treatment diets were obtained by supplementing Bio-Cox 60 at 0.0415% to provide 50ppm of 

salinomycin for PC+Sal and Excential Alliin Plus at 0.05% + Excential BetaKey at 0.025% for 

PC+EO+B. 
2 Vitamin and mineral premix: provided per kg of premix: cobalt, 34 mg; copper, 540 mg; iodine, 

134 mg; iron, 6,750 mg; manganese, 8,580 mg; zinc, 6,500 mg; vitamin A, 881,849 IU; vitamin 

D3, 295,419 ICU; vitamin E, 220 IU; vitamin B12, 0.88 mg; menadione, 154 mg; riboflavin, 551 

mg; D-pantothenic acid, 811 mg; niacin, 2,646 mg; choline, 51,030 mg. 
3 Phytase was formulated to provide 0.10% Ca and nonphytate phosphorus, Quantum BLUE 5 G, 

AB Vista, Marlborough, UK. 
4 Values within parenthesis are analyzed values for complete diets. 

Ingredient Starter (0-16 d) Grower (16-29 d) Finisher (29-42 d) 

 
________________________ (%) __________________________ 

Corn 59.84 63.88 64.23 

Soybean meal (48% CP) 28.76 22.81 18.39 

Poultry by-product meal 4.00 5.00 6.00 

Dried distillers’ grains with solubles 2.43 3.04 5.56 

Soy oil 1.00 1.86 2.83 

Salt (sodium chloride) 0.16 0.15 0.09 

Sodium Bicarbonate 0.25 0.25 0.30 

DL-Methionine 0.34 0.30 0.24 

L-Lysine•HCl (78.5%)  0.28 0.32 0.24 

L-Threonine 0.12 0.09 - 

Limestone 1.05 0.96 0.85 

Dicalcium phosphate   0.85 0.54 0.45 

Choline chloride (60%) 0.10 0.10 0.10 

Vitamin and mineral premix2 0.63 0.50 0.50 

Phytase3 0.01 0.01 0.01 

    

Nutrient Composition4 ________________________ (%) __________________________ 

Crude protein 22.35 (20.86) 20.60 (19.53) 19.60 (19.13) 

Metabolizable energy (kcal/kg) 3000 3100 3200 

Calcium 0.96 0.87 0.68 

Non-phytate phosphorus 0.48 0.44 0.29 

Choline (mg/kg) 2,487 2,355 2,347 

Crude fat 4.44 (3.86) 5.54 (4.55) 6.78 (4.81) 

Crude fiber 2.65 (3.83) 2.60 (2.36) 2.65 (2.57) 

Digestible methionine + cysteine 0.95 0.87 0.80 

Digestible lysine 1.24 1.15 1.02 

Digestible threonine 0.86 0.77 0.66 
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Table 2. Effects of essential oils and betaine on body weight gain (BWG), mortality corrected 

feed conversion ratio (FCRm), and mortality of male broilers raised on used pine shaving litter 

seeded with coccidia oocysts from 0-16, 0-29, and 0-42 d of age.1 

 112 replicate pens per treatment with 24 birds per replicate pen. One replicate from NC was 

excluded. Initial body weight = 43.2 g per chick (P = 0.55, SEM = 0.22). 
2 NC = nontreated diet with fresh pine shaving litter; PC = nontreated diet on used litter; PC+Sal 

= diet with salinomycin on used litter; PC+EO+B = diet with Excential Alliin Plus + Excential 

BetaKey on used litter. 
3 Mortality data were not analyzed due to limited variation across treatments and is provided for 

reference only.  
a-c Columns without a common superscript are different (P ≤ 0.05).

 D 0-16 D 0-29 D 0-42 

Treatments2 BWG FCRm BWG FCRm BWG FCRm Mortality3 

 (g/bird) (g/g) (g/bird) (g/g) (g/bird) (g/g) (%) 

        

NC 468a 1.320b 1491a 1.465 2999 1.568ab 3.5 

PC 432b 1.354a 1407b 1.478 2874 1.605a 2.8 

PC+Sal 473a 1.310b 1499a 1.437 3110 1.550b 4.5 

PC+EO+B 465a 1.308b 1503a 1.426 3048 1.551b 2.1 

        

Pooled SEM 8.6 0.0130 21.6 0.0148 54.5 0.0139 N/A 

        

P-value 0.01 0.03 0.02 0.09 0.07 0.05 N/A 
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Table 3. Effects of essential oils and betaine on lesion scores of male broilers raised on used pine 

shaving litter seeded with coccidia on D 16.1 

 112 replicate pens per treatment with 24 birds per replicate pen. One replicate from NC was 

excluded.  
2 NC = nontreated diet with fresh pine shaving litter; PC = nontreated diet on used litter; PC+Sal 

= diet with salinomycin on used litter; PC+EO+B = diet with Excential Alliin Plus + Excential 

BetaKey on used litter.   

Treatments2 Duodenum Jejunum Ileum 

 __________________________________ (0-4) __________________________________ 

    

NC 1.42 1.19 0.89 

PC 1.07 1.03 0.70 

PC+Sal 1.15 0.91 0.88 

PC+EO+B 0.94 0.81 1.06 

    

Pooled SEM 0.15 0.13 0.13 

    

P-value 0.13 0.14 0.30 
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Figure 1. Effects of essential oils and betaine on oocyst shedding of male broilers raised on used 

pine shaving litter seeded with coccidia from 11-13, 17-19, and 22-24 d of age. NC = nontreated 

diet with fresh pine shaving litter; PC = nontreated diet on used litter; PC+Sal = diet with 

salinomycin on used litter; PC+EO+B = diet with Excential Alliin Plus + Excential BetaKey on 

used litter.  
a-c Columns without a common superscript are different (P ≤ 0.05). 
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SUMMARY 

 

An experiment was conducted to verify the effectiveness of butyrate (BA) in diets of broiler 

chickens raised without antibiotics and exposed to used litter. Dietary treatments included: 

negative control (NC), a non-supplemented diet on fresh shavings; positive control (PC), the 

same non-supplemented diet on used litter; 500 BA, similar diet with 500 ppm BA on used litter; 

1000 BA, similar diet with 1000 ppm BA on used litter; 500/250 BA, similar diet with 500 ppm 

BA from 0 to 8 d and 250 ppm BA from 8 to 42 d on used litter; 1,000/250 BA, similar diet with 

1,000 ppm BA from 0 to 8 d and 250 ppm BA from 8 to 42 d on used litter. From 0-8 d, the PC 

resulted in a 6.8 g decrease in BW gain (BWG) compared to NC, but this response was lost from 

0-25 d or 0-42 d. There were no differences in mortality corrected, FCR (FCRm) between PC 

and NC. All BA treatments increased BWG in comparison to PC from 0-8 d, with no differences 

from NC. Butyrate improved 0-8 d FCRm compared to both PC and NC (P ≤ 0.05), but these 

responses were lost over time (P > 0.05). Butyrate increased apparent ileal digestibility of energy 

and DM (P > 0.05). Butyrate had no effect on oocyst shedding compared to PC (P > 0.05). 

Butyrate was able to ameliorate the negative performance effects with reused litter over the 8-d 

starter period and was able to increase ileal digestibility of energy and DM.  

 

DESCRIPTION OF PROBLEM 

 

Avian coccidiosis persists as a challenge to the poultry industry, stemming from host-

specific protozoa belonging to the genus Eimeria (Chapman et al., 2013). Coccidiosis may be 

classified into 3 levels: coccidiasis (mild infection, no adverse effects), subclinical coccidiosis 

(appear normal, reduced performance), and clinical coccidiosis (severe infection, diarrhea, high 
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mortality), the latter two being of concern (Williams, 2005). In 2016, the worldwide impact of 

subclinical and clinical coccidiosis was estimated at approximately US $14.5 billion (Blake et 

al., 2020). Subclinical coccidial infections are the most prevalent and inflict damage to epithelial 

cells, diminish nutrient absorption, increase FCRs, and reduce growth performance (Persia et al., 

2006; Amerah and Ravindran, 2015; Chalvon-Demersay et al., 2021; de Freitas et al., 2023). 

Historically, the control of coccidiosis has relied on the use of vaccines, ionophores and chemical 

anticoccidials as part of a rotation of products. However, the ability to use ionophores and 

chemical anticoccidials have been increasingly constrained or eliminated due to regulatory 

measures and marketing claims. Production systems where poultry are raised without antibiotics 

(RWA) or no antibiotics ever (NAE) are restricted from using antibiotics, including ionophores, 

as FSIS recognizes ionophores as an antibiotic (Singer et al., 2019). Consequently, cost-effective 

alternatives to antibiotics are needed to effectively and efficiently manage coccidiosis in the 

commercial poultry industry.  

Butyric acid, a short-chain fatty acid, is primarily produced through microbial 

fermentation processes (Xiong et al., 2022). Due to the rapid volatility and pungent smell, 

butyric acid is commonly supplemented in the form of butyrate (BA) bound to calcium or 

sodium (Kaczmarek et al., 2016). To regulate the release time and effectiveness of BA, it is often 

encapsulated in vegetable fat (Liu et al., 2017). This protective coating allows more of the BA to 

reach the small intestine of broilers. Supplementation of 200, 300, and 400 ppm of a coated BA 

improved FCR, nutrient digestibility, and increased ileal villus height compared to control 

broilers without BA supplementation (Kaczmarek et al., 2016). Similarly, 1,000 ppm of a coated 

BA improved FCR and increased villus height in the jejunum and ileum of male broilers at 21 d 

of age (Zhao et al., 2022). The protective effects of BA on the intestinal system are important 
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considering the potential intestinal damage (decreased villus height) and reduced absorptive 

surface caused by coccidial infection (Calik et al., 2019).  

Supplementation of an encapsulated BA at 400 and 800 ppm increased BW and 800 ppm 

further reduced mortality corrected FCR (FCRm) over the 42-d experiment (Sizmaz et al., 2022).  

Additionally, 400 ppm of the encapsulated BA had some efficacy in reducing litter oocyst 

counts. Younger broiler chicks are typically more susceptible to coccidiosis in comparison to 

older broilers that have had a chance to build immunity (Lawal et al., 2016). As such, it is 

possible that the effectiveness of BA supplementation may vary over time as the birds age and 

mature. Additionally, broilers consume more feed as they grow heavier, potentially allowing for 

lower inclusions of BA in the grower and finisher phases as a method to reduce feeding costs. 

Therefore, the current experiment was conducted to verify the effectiveness of BA on broiler 

chickens raised without antibiotics and exposed to used litter and explore cost effective feeding 

strategies of higher BA concentrations fed when broilers are younger before transitioning to a 

lower dose later in the production cycle. 

 

MATERIALS AND METHODS 

 

Animals and Experimental Diets 

 

This experiment was conducted according to the guidelines and review of the Virginia 

Tech Institutional Animal Care and Use Committee. A total of 2,520 male Ross 708 broiler 

chicks were selected from a larger group of chicks obtained from a commercial hatchery (Myers 

Hatchery, South Fork, PA). Broilers chicks received a brief inspection for general health before 

they were selected for similar BW across experimental treatments. Experiment treatments were 
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randomly assigned to pen within a block, resulting in six experimental treatments with 12 

replicate pens of 35 chicks each. Initially, the floor pens (1.372 m x 1.372 m) were stocked with 

birds at a density of 0.05 m2 per broiler. By the end of the experiment, the final stocking density 

was 0.09 m2 per broiler (maximum of 21 birds per pen after 14 birds were euthanized for sample 

collection on d 14). Treatments consisted of a negative control (NC), chickens receiving a non-

supplemented diet and housed on clean pine shavings; a positive control (PC), chickens receiving 

the same diet but housed on used pine shaving litter; and four treatments in which chickens 

received various inclusions of coated sodium BA (Ultramix C®, Adisseo, Alpharetta, GA, USA) 

at: 500 ppm from d 0 to 42 (500 BA), 1,000 ppm from d 0 to 42 (1000 BA), 500 ppm d 0 to 8 

and 250 ppm from d 8 to 42 (500/250 BA), or 1,000 ppm from d 0 to 8 and 250 ppm from d 8 to 

42 (1000/250 BA) with all chickens receiving BA treatments housed on used litter. All diets 

were generated using a basal diet of common ingredients, including titanium dioxide used in the 

grower diet as an inert dietary marker, before BA additions to generate complete experimental 

diets. Dietary formulation for starter (D 0 to 8), grower (D 8 to 25), and finisher diets (D 25 to 

42) are described in Table 1. Starter feed was provided as crumbled pellets, while grower and 

finisher diets were provided as pellets. Broilers were provided ad libitum access to experimental 

feed and water over the duration of the experiment. 

The used litter model employed in this experiment was based on previous research 

(Sizmaz et al, 2022). In each pen designated for used litter, 30 d old male chicks, off males from 

a female broiler breeder line, were provided approximately 600 g of feed treated with a coccidial 

vaccine via a cardboard tray for the first 3 d. This treated diet was prepared by mixing one vial of 

Coccivac® B-52 (Merck Animal Health, Rahway, NJ, USA) with a small quantity of mash feed, 

which was then mixed with the remaining mash feed to produce 45 kg of treated mash feed. 
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Following the initial 3 d, the seeder birds were transitioned to standard starter and grower diets 

until reaching 21 d of age, at which point both the seeder birds and feed were removed from all 

pens. All used litter was moved to the center of the house, thoroughly mixed manually with a 

pitchfork, and redistributed into the designated used litter pens. The pens designated as NC 

remained empty until the used litter was redistributed to other pens, and fresh, clean pine 

shavings were added. Experimental broilers were placed into the pens and the formal experiment 

began on the same d as seeder birds were removed. The pen temperature was initially set to 35°C 

for the first 3 d and gradually decreased until 20°C was reached and maintained. Continuous 

lighting and supplemental heat were provided through heat lamps from 0 to 4 d of age, after 

which a lighting schedule of 20 h of light and 4 h of darkness was implemented. Health checks 

and mortality removal occurred at least twice daily to ensure the well-being of the birds 

throughout the experimental period.  

 

Growth Performance 

 

Birds were weighed on a pen basis on d 0, 8, 25, and 42 to align with changes in the diet 

phases.  BW gain (BWG) and feed intake (FI) were calculated for the 0 to 8, 0 to 25, and 0 to 42 

d periods. BW gain was determined by subtracting the initial pen weight from the respective pen 

weights and expressed on a per bird basis for each period. Feed intake was calculated by the 

difference of feed offered and refused over the same periods. Broilers that died or were culled for 

health or sample collection were weighed, recorded, and utilized to correct the FCR. Mortality 

corrected FCR (FCRm) was calculated by dividing the total pen feed intake by sum of the pen 

BWG plus the mortality BWG. 
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Ileal Apparent Digestibility  

 

On d 14, fourteen broilers from each pen were weighed and euthanized for the collection 

of ileal contents. The contents from the posterior half of the ileum, defined by Meckel’s 

diverticulum to the ileal-cecal junction, were gathered by gentle physical manipulation. Ileal 

contents were pooled by pen into WHIRL-PAK® bags (Filtration Group, Austin, TX, USA) and 

kept on ice until frozen for later analysis. The ileal samples were weighed before drying, then 

dried in a forced air oven at 55 °C for 24 h to determine ileal DM. Dried ileal content and feed 

were subsequently ground using a coffee grinder. The gross energy of both the ileal contents and 

feed were measured in duplicate using a bomb calorimeter (Parr 6400 Calorimeter, Parr 

Instrument Company, Moline, IL, USA). Both feed and ileal content were digested with sulfuric 

acid to determine titanium content following the procedures outlined by Leone (1973). 

Approximately 0.3 g of dried ileal contents and 0.5 g of dried feed were weighed in duplicate for 

ileal contents or quadruplicate for feed. Apparent ileal energy digestibility (AIDe) and apparent 

ileal DM digestibility (AIDdm) were calculated using the following equation (Gautier and 

Rochell, 2020):  

 

AID% = (((diet component in diet / TiO2 in diet) – (diet component in ileal /TiO2 in ileal)) / (diet 

component in diet / TiO2 in diet)) * 100 

 

Intestinal Morphology 

 

One of the fourteen broilers euthanized for ileal content was selected to obtain a histology 

sample on d 14. A one-inch segment from the center point of the jejunum was carefully flushed 
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with formalin to remove contents and placed into a 5 mL conical tube containing 10% formalin. 

Once fixed, the method for handling and examining the jejunum followed procedures described 

by Vasanthakumari and colleagues (2023). Crypt depth was determined based on morphological 

differences between the crypt and villus structures, while VH was measured from the apex of the 

functional crypt to the tip of the villus. The VH/CD ratio was calculated based on these 

measurements. For each sample, approximately 40-50 measurements of CD and 10 to 15 

measurements of VH were measured for 6 replicate samples for each treatment. 

 

Intestinal Permeability  

 

On d 15, one bird per pen was selected and orally gavaged with one mL of 8.32 mg/kg of 

fluorescein isothiocyanate-dextran (FITC-d) dissolved into double distilled water following the 

methods of Baxter and coworkers (2017). The concentration of serum fluorescence was 

determined using a standard curve of FITC-d, generated by adding FITC-d into serum from 

broilers in the same experiment that were not administered FITC-d.  

 

Quantitative Real-Time PCR 

 

Intestinal tissues were gently scraped with a glass microscope slide to collect the mucosa 

from the underlying muscle layer of a 5 cm section in the center of the duodenum. These samples 

were then promptly frozen in liquid nitrogen and stored at −80°C for preservation. Mucosal 

scrapings from the duodenum were later homogenized in TriReagent (Molecular Research 

Center Inc., Cincinnati, OH), and total RNA extraction was performed using the Direct-ZOL® 

RNA MiniPrep Kit (Zymo Research, Irvine, CA). Reverse transcription polymerase chain 
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reaction (RT-PCR) was performed following the procedures of Cloft and coworkers (2023). 

Each sample was amplified in duplicate, and amplification efficiency was determined by 

standard curves to ensure equal efficiency between target genes and the reference gene. Relative 

fold change was calculated using the 2−ΔΔC T method (Schmittgen and Livak, 2008) with 

glyceraldehyde-3-phosphate dehydrogenase (GAPDH) and ribosomal protein lateral stalk 

subunit P1 (RPLP1) serving as the reference genes. The genes measured and primers used for 

tight junction proteins (Claudin-1, CLDN-1; junctional adhesion molecule A, JAMA), host 

defense peptides (Avian β-defensin 10, AvBD10; Avian β-defensin 11, AvBD11), and 

inflammation markers (Myeloid differentiation primary response protein 88, MyD88; 

lipopolysaccharide-induced TNF-alpha factor, LITAF) are provided in Table 2.  

 

Body Composition  

 

On d 42, 5 birds from each pen were weighed before being euthanized via cervical 

dislocation, scalded at 60ºC (Brower AM 48, Houghton, IA, USA), and de-feathered (Ashley 

SP23, Greensburg, IN, USA). Carcasses were frozen at −20ºC until analysis. Upon thawing, the 

five carcasses per pen were scanned as a single sample utilizing dual energy X-ray 

absorptiometry (DXA, General Electric Healthcare, Madison, WI, USA). Fat mass (g), lean mass 

(g), and total mass (g) were calculated and reported (Murugesan and Persia, 2013). 

 

Oocyst Shedding 

 

On d 5 to 7, 11 to 13, 17 to 19, and 22 to 24, fresh excreta were gathered from each pen 

to assess oocyst shedding. Each d, approximately two to four fresh excreta samples were 
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collected, and these samples were combined over three consecutive d to form one composite 

sample per pen for each collection period. The method for handling and storing the fresh excreta 

followed procedures outlined by Long (1970). These composite samples were later standardized 

to 40 mL within conical tubes. Oocysts were quantified in quadruplicate using a counting 

chamber (McMaster; JA Whitlock & Company, New South Wales, Australia) and a microscope 

(Olympus CX21-FS1, Tokyo, Japan) set at 10x magnification (Dalloul et al., 2003). The total 

number of oocysts (both sporulated and unsporulated) were estimated using the formula:  

 

Total oocysts/g of excreta = (oocyst counted / chamber volume) × dilution factor × (composite 

sample volume/g of excreta used). 

 

Statistical Analysis 

 

All data were analyzed using JMP Pro 16 (SAS Institute Inc., Cary, NC, USA) by one-

way ANOVA. Each pen or sample within a pen was considered an experimental unit. Statistical 

differences were considered significant if ANOVA was P ≤ 0.05. If significant ANOVA 

differences were noted, means were separated using Student’s t-test (Sarsour and Persia, 2022). 

One replicate pen from the 1,000 BA treatment was excluded from analysis due to a water issue. 

 

RESULTS AND DISCUSSION 

 

There were no differences in initial broiler BW across experimental treatments with an 

average of 44.3 g per chick and a range of 41.5 to 46.1 g per chick (P = 0.94; SEM = 0.23). The 

use of reused litter seeded with coccidial vaccine resulted in a 6.8 g or a 6.5% decrease in 0 to 8 
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d BWG in comparison to the NC (P ≤ 0.05) birds raised on clean pine shavings (Table 3). This 

response agrees with previous research as broiler chicks are more susceptible to stress and 

potentially disease during the first wk of life as the immune system is underdeveloped (Panda et 

al., 2015; Yerpes et al., 2020). Despite the reduced BWG, the differences in litter did not result 

in differences in feed utilization as there was no difference in FCRm between the PC and NC 

from 0 to 8 d (P > 0.05). It appears that the subclinical coccidial exposure noted in the starter 

phase moderated resulted in coccidiasis as performance differences noted early were lost from 0 

to 25 and 0 to 42 d (P > 0.05). This moderation of the coccidial exposure is further supported by 

the lower shedding of coccidial oocysts noted over 2 to 3 wks of exposure as outlined below.  

Treatment of broilers with BA increased 0 to 8 d BWG by 6.8, 6.4, 4.7, 7.6, and 5.4 g for 

PC, 500 BA, 1,000 BA, 500/250 BA, and 1,000/250 BA, respectively, in comparison to the PC 

broilers (P ≤ 0.05). This increased BWG in comparison to the PC treated birds resulted in BWG 

similar to the NC birds raised on clean litter (P > 0.05). Moreover, supplementation of BA 

improved 0 to 8 d FCRm to 0.883, 0.881, 0.851, and 0.857 for 500 BA, 1000 BA, 500/250 BA, 

and 1000/250 BA, respectively, in comparison to both the NC (0.931) and PC (0.944: P ≤ 0.01). 

However, there were no longer differences with BA supplementation in BWG or FCRm over the 

0 to 25 d and 0 to 42 d periods (P > 0.05). Supplementation of 700 ppm of a coated sodium BA 

to non-challenged broilers increased BWG and improved FCR (Chamba et al., 2014). Butyrate 

coated with a mixture of mono-, di-, and triglycerides at 1,000, 2,000, and 4,000 ppm resulted in 

no significant impact on broiler performance when those broilers were vaccinated against 

coccidiosis at 1 d of age (Lesson et al, 2005). Similarly, diets supplemented with 1,000 ppm of 

BA in non-challenged broilers had no effect on BWG or FCR (González-Ortiz et al., 2019). 

Furthermore, feed supplemented with sodium BA at 200, 400, 800 or 1000 ppm to non-
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challenged broilers resulted in no differences in BWG or FCR (P > 0.05) over both 1 to 21 or 1 

to 42 d (Wu et al., 2018). In contrast to the current experiment, Sizmaz and coworkers (2022) 

observed increased overall BWG in broilers raised on used litter seeded with coccidia when 

encapsulated BA was supplemented at 400 and 800 ppm in broiler feed. Additionally, an 

improvement in FCRm was observed with BA supplementation at 800 ppm from d 1 to 42. The 

inconsistency of these findings generally supports the argument that BA is less effective at 

improving performance in broilers that are not challenged or only mildly challenged, and more 

effective under higher challenge conditions. Overall, the literature is inconsistent regarding the 

effects of BA on broiler growth performance, highlighting the importance of documenting the 

level of challenge provided to the birds when BA is used as a feed additive.  

There were no differences observed among treatments for broiler jejunum VH, CD, or 

VH/CD ratio at 14 d of age (P > 0.05), regardless of litter or dietary BA (Table 4). 

Supplementation of sodium BA at 500, 1,000, and 2,000 ppm had no effect on the VH or CD of 

the jejunum in non-challenged broilers at 21 d of age (Hu and Guo, 2007). Furthermore, sodium 

BA at 200, 400, 800, and 1,000 ppm had no effect on jejunum VH or CD, but it did tend to 

increase ileum VH (Wu et al., 2018). The lack of significant effects of BA supplementation on 

the jejunum could potentially be attributed to the encapsulation of BA, which may be influencing 

its distribution and absorption within the broiler gastrointestinal tract. Liu and coworkers (2017) 

conducted an experiment determining the effect of three sodium BA products, each with varying 

release times. It was observed that the effects on intestinal morphology at different sections of 

the gastrointestinal tract were influenced by the inclusion level along with the release time of the 

sodium BA.  In the context of a mild challenge, such as in the current experiment, the broilers 

did not exhibit significant improvements with BA supplementation. In contrast, a subclinical to 
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clinical challenge involving notable VH changes, as seen in other studies, showed that BA 

supplementation is more effective under higher stress conditions, supporting the idea that feed 

additives like BA might have greater responses when broilers face more substantial challenges. 

There were no differences in serum FITC-d concentrations among treatments on d 15 (P 

> 0.05; Table 4). The similar serum FITC-d concentrations suggest that there were no substantial 

differences in intestinal structure and integrity among the treatments or controls. This response 

may be attributed to the mild challenge conditions generated in this experiment and are 

consistent with the lack of difference after the initial 8 d starter period in the performance data. 

Supplementation of 500 ppm of encapsulated BA to broiler chickens resulted in no differences in 

intestinal permeability, as measured by FITC-D, when the broilers were challenged with a 10x 

dose of an attenuated live coccidiosis vaccine (Naghizadeh et al., 2022). The lack of differences 

in intestinal permeability could be due to the timing of the challenge and sampling. Broilers 

orally gavaged with 2 x 105 sporulated E. maxima oocysts only showed compromised intestinal 

permeability on d 5 and 6 post-inoculation (Schneiders et al., 2019). Similarly, Teng and 

colleagues (2020) assessed intestinal permeability on d 3, 5, 6, 7, and 9 post-inoculation in 

broiler chickens orally gavaged with E. maxima, E. tenella, and E. acervulina, with differences 

in intestinal permeability observed on d 5, 6, and 7, but not on d 3 and 9. It is crucial to note that 

the natural inoculation method on used litter, as conducted in the current study, does not replicate 

the high single dose of coccidia provided by direct oral gavage. This natural inoculation likely 

leads to a more gradual and variable exposure to the pathogens, which might not result in the 

same peak periods of compromised intestinal permeability as observed in studies with direct 

gavage. This variability in exposure and the resulting differences in the timing and magnitude of 
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intestinal challenges could explain the absence of detectable differences in intestinal 

permeability in the current study. 

There were no significant differences in AIDe when broilers were raised on clean or used 

litter as NC and PC both had 71.1% AIDe (Table 4). However, the supplementation of 500 and 

1,000 BA to broilers on used litter significantly increased AIDe by 2.4 and 3.5%-points in 

comparison to the NC and PC broilers. Meanwhile, 500/250 BA and 1,000/250 BA were 

intermediate with a 2.1 and 2.2%-point increase. This response in AIDe was mirrored with 

AIDdm as supplementation of BA was able to increase AIDdm for 500 BA, 1000 BA, 500/250 

BA, and 1000/250 BA, 68.5, 70.1, 69.2 and 69.6% AIDdm, respectively, in contrast to the 

controls that resulted in a 65.7% AIDdm for the NC and 65.4% AIDdm for the PC (P ≤ 0.01). 

These results agree with previous research that reported that supplementation of sodium BA at 

500 and 1,000 ppm increased ileal energy digestibility in non-challenged broilers (Liu et al., 

2017). Furthermore, calcium BA supplemented at 300 ppm increased total tract crude fat 

digestibility and AMEn, as well as ileal CP digestibility in broilers at 14 d of age (Kaczmarek et 

al., 2016). The observed increase in AIDe in broilers supplemented with BA, suggests that BA 

likely increases energy digestibility by improving overall gastrointestinal integrity and 

potentially increasing nutrient absorption. This response indicates that BA mode of action may 

involve mechanisms beyond reducing gut permeability. 

The effects of various inclusions of BA on gene expression of tight junction proteins, 

host defense peptides, and inflammation markers in the duodenum on d 15 are presented in Table 

5. Gene expression for tight junction proteins was inconsistent. There were no differences in 

CLDN-1 expression (P = 0.92), but JAMA expression was trending (P = 0.06).  The expression 

of JAMA was increased in the PC compared to the NC. All BA treatments reduced expression 



 86 

compared to the PC. This suggests that BA supplementation may reduce JAMA expression in 

broilers challenged with used litter. In previous research, broilers on a BA supplemented diet that 

were then orally gavaged with mixed strains of Eimeria and finally with an oral inoculation of C. 

perfringens may increase the gene expression of tight junction proteins, potentially strengthening 

the intestinal barrier function (Song et al., 2017). However, this response was not observed in 

this current experiment, potentially due to the mild Eimeria challenge. Similar to the variability 

in expression of tight junction protein genes, the expression of host defense peptides also 

exhibited inconsistency. Gene expression of AvBD10 was not significantly different among 

treatments, while AvBD11 gene expression exhibited a trend (P = 0.06).  Similarly to JAMA, 

AvBD11 expression was increased in the PC compared to the NC. The 500 BA, 1,000 BA, 

500/250 BA, and 1,000/250 BA treatments all showed decreased expression levels compared to 

the PC, indicating that BA supplementation may decrease AvBD11 expression in broilers 

challenged with used litter. Previous research has suggested that BA supplementation has the 

potential to up-regulate avian β-defensins within chicken jejuna and cecal explants in vitro 

(Sunkara et al., 2011; Yang et al., 2021). However, in vivo, avian β-defensins expression has 

been inconsistent. In two experiments by Su and colleagues (2017), avian β-defensins expression 

in response to Eimeria infection was inconsistent across different Eimeria challenges and 

potentially dose-dependent. In their first experiment, down-regulation of multiple avian β-

defensins was observed in the duodenum in response to E. acervulina and E. maxima, with no 

effect with E. tenella challenge. However, in the second experiment, which involved only an E. 

maxima challenge, there was no down-regulation of avian β-defensins in the duodenum. In the 

current experiment, no significant differences were observed in gene expression for 

inflammation markers regardless of used litter or BA treatment. Both MyD88 and LITAF are 
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involved in signaling pathways that lead to the production of pro-inflammatory cytokines (Hong 

et al., 2006; Ahmed et al., 2021). The lack of significant differences observed in this current 

experiment's response to gene expression for inflammation markers may be attributed to the mild 

coccidiosis challenge. However, previous research suggests potential benefits of BA 

supplementation in the reduction of inflammation and pro-inflammatory gene expression. 

Broilers challenged with 5.0 × 103 sporulated oocysts of E. maxima and supplemented with 

1,000 ppm sodium BA observed a reduction in pro-inflammatory cytokine gene expression 

(Badawy Nafaa et al., 2023). Overall, while previous studies have demonstrated the potential 

benefits of butyrate supplementation on tight junction proteins, host defense peptides, and 

inflammation markers, the gene expression results in this study were inconsistent and may have 

been influenced by the mild Eimeria challenge used.  

Similar to BWG from 0 to 42 d, there were no significant differences among treatment 

groups in total mass, fat mass, and lean mass on d 42 (Table 6). The total mass for these 

treatments ranged from 2388 g to 2439 g (P = 0.98), fat mass from 472 g to 517 g (P = 0.17), and 

lean mass from 1872 g to 1936 g (P = 0.93). In contrast to the current experiment, previous 

research has observed beneficial effects of BA for increasing carcass weight, muscle accretion, 

and lipid metabolism in non-challenged broilers (Panda et al., 2009; Yin et al., 2016; Bedford et 

al., 2017). Furthermore, in broilers challenged with coccidiosis and supplemented with coated 

BA, alterations in body composition were observed; however, the changes in body composition 

were consistent with the overall growth responses (Sizmaz et al., 2022). While previous research 

has shown differences in the effects of BA on broiler body composition, the current experiment 

did not observe any differences, suggesting potential variability of BA supplementation effects in 

different experimental conditions. 
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Regardless of collection period, the NC treatment resulted in the lowest coccidia oocyst 

counts (Figure 1). To maintain uniform experimental conditions, the pens were in close 

proximity to each other. This ensured that the birds experienced similar environmental factors 

and management practices throughout the study. However, this close proximity also increased 

the potential of contamination between pens, which could explain why a small level of 

contamination occurred, even in environments intended to be relatively clean, such as the NC 

treatment. During the 5 to 7 d period, oocyst shedding was greatest for treatments with 500/250 

BA and lowest for the NC-fed birds with the remaining treatments being intermediate (P ≤ 0.05). 

From 11 to 13 d, NC broilers resulted in the lowest oocyst shedding, while all treatments with 

BA supplementation significantly increased oocyst shedding with PC treatment being 

intermediate. During the final two collection periods, 17 to 19 d and 22 to 24 d, oocyst shedding 

was similar among treatments (P > 0.05). In contrast to the current experiment, other researchers 

have reported effects of BA at reducing oocyst shedding. Wang and cohorts (2021) conducted 

two experiments supplementing 400 ppm of tributyrin (ester composed of butyric acid and 

glycerol) to 5 d old broilers where in Experiment 1 broilers were dosed with 1× dose of 

coccidiosis vaccine and Experiment 2 broilers were dosed with 10× dose of coccidiosis vaccine. 

In the first experiment, broilers given the 1× dose of coccidiosis vaccine exhibited a reduction in 

oocyst shedding during d 20 to 27 with tributyrin whereas in the second experiment, broilers 

challenged with 10× dose of coccidiosis vaccine, tributyrin reduced oocyst shedding on d 11. 

Neither of the coccidia doses had a significant reduction during other periods. Furthermore, 

broilers supplemented with 400 ppm BA significantly reduced litter oocysts compared to the 

control group at 14 d of age, while 200 and 800 ppm resulted in intermediate responses (Sizmaz 

et al., 2022). In this study, the observed reduction of coccidia oocyst shedding, particularly 
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evident during the latter collection periods, aligns with the mitigated performance differences 

noted over time. It is possible that the results of this study reflect the transition of the subclinical 

challenge to coccidiasis, potentially explaining why BA had no opportunity to decrease oocyst 

shedding or improve performance. 

 

CONCLUSIONS AND APPLICATIONS 

 

1. Coated butyrate supplementation was able to ameliorate negative performance effects 

with reused litter over the 8-d starter period when a subclinical challenge was provided. 

However, when the subclinical coccidiosis resolved, butyrate did not alter broiler 

performance.  

2. The supplementation of a coated butyrate improved apparent ileal digestibility of energy 

and DM from 0-14 d, suggesting benefits for nutrient absorption and utilization in young 

broilers. 

3. Intestinal morphology, permeability, gene expression, body composition, and oocyst 

shedding were not significantly affected by butyrate supplementation suggesting its 

effects may be limited under the mild conditions of this experiment. 

4. An initial high-dose followed by a lower maintenance dose of coated butyrate 

supplementation may be a cost-effective strategy to enhance broiler performance and 

nutrient absorption, maintaining benefits while reducing feed costs in antibiotic-free 

systems. 
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Table 1. Formulation and nutrient composition of experimental diets fed to male Ross 708 

broiler chickens provided of various concentrations of dietary butyrate (BA) raised on fresh 

pine shavings or used litter.1 

1 Treatment diets were obtained by supplementing Ultramix C at 0.106%, 0.211%, and 0.422% 

to provide 250, 500, and 1,000 ppm of butyrate, respectively.  
2 Vitamin and mineral premix: provided per kg of premix: cobalt, 34 mg; copper, 540 mg; iodine, 

134 mg; iron, 6,750 mg; manganese, 8,580 mg; zinc, 6,500 mg; vitamin A, 881,849 IU; vitamin 

D3, 295,419 ICU; vitamin E, 220 IU; vitamin B12, 0.88 mg; menadione, 154 mg; riboflavin, 551 

mg; D-pantothenic acid, 811 mg; niacin, 2,646 mg; choline, 51,030 mg. 
3 Titanium Dioxide was added as an inert marker for digestibility determination.   
4 Phytase was formulated to provide 0.10% Ca and nonphytate phosphorus, Quantum BLUE 5 G, 

AB Vista, Marlborough, UK. 
5 Values within parenthesis are analyzed values for complete diets.  

Ingredient Starter (0 to 8 d) Grower (8 to 25 d) Finisher (25 to 42 d) 

 ______________________________ (%) ________________________________ 

Corn 60.55 62.84 64.01 

Soybean meal (48% CP) 27.32 21.61 18.39 

Poultry by-product meal 4.00 6.00 6.00 

Dried distillers’ grains with 

solubles 
3.00 3.43 5.56 

Soy oil 0.53 1.52 2.83 

Salt (sodium chloride) 0.09 0.07 0.09 

Sodium Bicarbonate 0.35 0.35 0.30 

DL-Methionine 0.35 0.29 0.24 

L-Lysine•HCl (78.5%)  0.38 0.32 0.24 

L-Threonine 0.13 0.09 -- 

Limestone 1.02 0.91 0.85 

Dicalcium phosphate   1.12 0.72 0.45 

Choline chloride (60%) 0.10 0.10 0.10 

Vitamin and mineral premix2 0.63 0.50 0.50 

Titanium dioxide3 0.00 0.30 0.00 

Phytase4 0.01 0.01 0.01 

    

Nutrient Composition5 ________________________ (%) __________________________ 

Crude protein 22.00 (21.70) 20.65 (20.82) 19.57 (18.47) 

Metabolizable energy (kcal/kg) 3000 3100 3200 

Calcium 0.86 0.77 0.68 

Non-phytate phosphorus 0.38 0.34 0.29 

Crude fat 4.06 (2.52) 5.35 (3.39) 6.78 (4.75) 

Crude fiber 2.66 (2.27) 2.60 (2.16) 2.65 (2.32) 

Digestible methionine + cysteine 0.95 0.87 0.80 

Digestible lysine 1.28 1.15 1.02 

Digestible threonine 0.86 0.77 0.66 
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Table 2. Sequence of primers for gene expression using real-time PCR  

1 Primers′ sequence obtained from Jia et al., 2023. 

2 Primers′ sequence obtained from Garcia et al., 2021. 

3 Primers′ sequence obtained from Kinstler, 2023.

Gene 
GenBank accession 

number 

Amplicon 

Size (bp) 
Forward/Reverse primers (5’3’) 

CLDN11 NM_001013611.2 115 
TGGAGGATGACCAGGTGAAGA/ 

CGAGCCACTCTGTTGCCATA 

JAMA1 NM_001083366.1 90 
GAAAACCAACCCGTGGACAT/ 

GGAAGAGCCCTTCTGGAACTT 

AvBD102 NM_001001609.2 64 
CAGACCCACTTTTCCCTGACA/ 

CCCAGCACGGCAGAAATT 

AvBD112 NM 001001779.1 56 
GGTACTGCATCCGTTCCAAAG/ 

GCATGTTCCAAATGCAGCAA 

MyD883 NM_001030962.5 64 
GGATGTCTTGCCAGGAACGT/ 

CCGACACCTTCTTTCTATGAGTTCT 

LITAF3 NM_204267.2 62 
CCCCTACCCTGTCCCACAA/ 

ACTGCGGAGGGTTCATTCC 
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Table 3. Effects of various concentrations of dietary butyrate (BA) on BW gain (BWG) and 

mortality corrected FCR (FCRm) of 0 to 42 d-old male Ross 708 broiler chickens raised on fresh 

pine shavings or used litter.1 

Treatments2 
D 0 to 8 D 0 to 25 D 0 to 42 

BWG FCRm3 BWG FCRm4 BWG FCRm5 

 (g/bird) (g/g) (g/bird) (g/g) (g/bird) (g/g) 

       

NC 107.5a 0.931a 1066 1.304 2825 1.660 

PC 100.7b 0.944a 1026 1.303 2803 1.653 

500 BA 107.1a 0.883b 1051 1.295 2789 1.654 

1,000 BA 105.4a 0.881b 1048 1.296 2799 1.646 

500/250 BA 108.3a 0.851b 1062 1.285 2784 1.653 

1,000/250 BA 106.1a 0.857b 1034 1.299 2808 1.646 

       

Pooled SEM 1.53 0.015 12.3 0.008 31.7 0.011 

       

P-value ≤ 0.01 ≤ 0.01 0.11 0.64 0.95 0.95 
1Dietary treatments consisted of 12 replicate pens of 35 birds. One replicate from 1,000 B was 

excluded due to aberrant replicate value. Average initial BW = 44.3 g per chick (P = 0.94, SEM 

= 0.23). 
2 NC = nontreated diet with fresh pine shaving litter; PC = nontreated diet with used litter; 500 

BA = diet with 500 ppm of BA on used litter; 1,000 BA = diet with 1,000 ppm of BA on used 

litter; 500/250 BA = diet with 500 ppm of BA from 0 to 8 d and 250 ppm of BA from 8 to 42 d 

on used litter;  1,000/250 BA = diet with 1,000 ppm of BA from 0 to 8 d and 250 ppm of 

butyrate from 8 to 42 d on used litter 
3 Total mortality % per treatment for D 0 to 8: NC = 1.9%; PC = 0.7%; 500 BA = 0.5%; 1,000 

BA = 0.5%; 500/250 BA = 0.7%; 1,000/250 BA = 1.7%. 
4 Total mortality % per treatment for D 0 to 25: NC = 2.4%; PC = 1.7%; 500 BA = 2.1%; 1,000 

BA = 1.6%; 500/250 BA = 1.4%; 1,000/250 BA = 3.1%. 

5 Total mortality % per treatment for D 0 to 42: NC = 3.3%; PC = 2.6%; 500 BA = 2.9%; 1,000 

BA = 2.3%; 500/250 BA = 2.6%; 1,000/250 BA = 3.3%. 

a-b Columns without a common superscript are different (P ≤ 0.05). 
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Table 4. Effects of various concentrations of dietary butyrate (BA) on D 14 jejunum 

morphology, nutrient digestibility, and D 15 intestinal permeability (FITC-d) of 0 to 42 d-old 

male Ross 708 broiler chickens raised on fresh pine shavings or used litter.1 

1Dietary treatments consisted of 12 replicate pens of 35 birds. One replicate from 1,000 B was 

excluded due to aberrant replicate value.  
2 NC = nontreated diet with fresh pine shaving litter; PC = nontreated diet with used litter; 500 

BA = diet with 500 ppm of BA on used litter; 1,000 BA = diet with 1,000 ppm of BA on used 

litter; 500/250 BA = diet with 500 ppm of BA from 0 to 8 d and 250 ppm of BA from 8 to 42 d 

on used litter;  1,000/250 BA = diet with 1,000 ppm of BA from 0 to 8 d and 250 ppm of BA 

from 8 to 42 d on used litter 
3 AIDe = Apparent ileal energy digestibility 
4 AIDdm = Apparent ileal DM digestibility 
5 Percentage data were arcsine transformed before analysis to ensure normality. 
a-c Columns without a common superscript are different (P ≤ 0.05). 

Treatments2 
D 14 D 15 

VH CD VH/CD AIDe3 AIDdm4 FITC-d 

 (m) (m) (m/m) (%) (%) (ng/mL) 

       

NC 833 220.7 4.11 71.1b 65.7b 157 

PC 887 193.8 4.76 71.1b 65.4b 156 

500 BA 976 223.3 4.37 73.5a 68.5a 157 

1,000 BA 802 230.2 3.49 74.6a 70.1a 157 

500/250 BA 821 206.1 4.13 73.2ab 69.2a 156 

1,000/250 BA 983 211.5 4.78 73.3ab 69.6a 152 

       

Pooled SEM 64.0 16.88 0.46 N/A5 N/A 2.36 

       

P-value 0.16 0.67 0.34 0.03 ≤ 0.01 0.57 
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Table 5. Effects of various concentrations of dietary butyrate (BA) on D 14 gene expression of 

tight junction proteins, host defense peptides, and inflammation markers in the duodenum of 0 to 

42 d-old male Ross 708 broiler chickens raised on fresh pine shavings or used litter.1 

1Dietary treatments consisted of 12 replicate pens of 35 birds. One replicate from 1,000 B was 

excluded due to aberrant replicate value.  
2 NC = nontreated diet with fresh pine shaving litter; PC = nontreated diet with used litter; 500 

BA = diet with 500 ppm of BA on used litter; 1,000 BA = diet with 1,000 ppm of BA on used 

litter; 500/250 BA = diet with 500 ppm of BA from 0 to 8 d and 250 ppm of BA from 8 to 42 d 

on used litter;  1,000/250 BA = diet with 1,000 ppm of BA from 0 to 8 d and 250 ppm of BA 

from 8 to 42 d on used litter 
3 Tight Junction Proteins = CLDN-1, Claudin-1; JAMA, junctional adhesion molecule A. 
4 Host Defense Peptides = AvBD10, Avian β-defensin 10; AvBD11, Avian β-defensin 11, 

AvBD11. 
5 Inflammation Markers MyD88, Myeloid differentiation primary response protein 88; LITAF 

lipopolysaccharide-induced TNF-alpha factor. 
6 The NC samples were used as the calibrator for calculating fold change. 
7 The fold change values for qPCR were logarithmically transformed to conform to normality. 

Treatments2 
Tight Junction Proteins3 Host Defense Peptides4 Inflammation Markers5 

CLDN-1 JAMA AvBD10 AvBD11 MyD88 LITAF 

 ___________________________ (Fold change)6______________________________ 

       

NC 1.16 1.10 0.97 1.09 1.29 1.05 

PC 1.27 4.81 1.08 4.81 0.99 1.30 

500 BA 1.06 2.66 0.83 2.65 0.60 0.78 

1,000 BA 0.90 2.39 1.27 2.41 0.88 0.83 

500/250 BA 1.33 1.27 1.04 1.26 1.01 1.14 

1,000/250 BA 0.68 1.52 1.77 1.68 0.86 0.69 

       

Pooled SEM 0.51 0.42 0.71 0.41 0.44 0.25 

       

P-value7 0.92 0.06 0.98 0.06 0.56 0.29 
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Table 6. Effects of various concentrations of dietary butyrate (BA) on D 42 body composition of 

0 to 42 d-old male Ross 708 broiler chickens raised on fresh pine shavings or used litter.1 

1Dietary treatments consisted of 12 replicate pens of 35 birds. One replicate from 1,000 B was 

excluded due to aberrant replicate value.  
2 NC = nontreated diet with fresh pine shaving litter; PC = nontreated diet with used litter; 500 

BA = diet with 500 ppm of BA on used litter; 1,000 BA = diet with 1,000 ppm of BA on used 

litter; 500/250 BA = diet with 500 ppm of BA from 0 to 8 d and 250 ppm of BA from 8 to 42 d 

on used litter;  1,000/250 BA = diet with 1,000 ppm of BA from 0 to 8 d and 250 ppm of BA 

from 8 to 42 d on used litter 

  

Treatments2 Total Mass Fat Mass Lean Mass 

 ___________________________________ (g) _____________________________________ 

    

NC 2397 495 1901 

PC 2426 490 1936 

500 B 2389 517 1872 

1,000 B 2413 488 1925 

500/250 B 2388 472 1916 

1,000/250 B 2439 516 1923 

    

Pooled SEM 52 13 43 

    

P-value 0.98 0.17 0.93 
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Figure 1. Effects of various concentrations of dietary butyrate (BA) on oocyst shedding from 5-7, 

11-13, 17-19, and 22-24 d of age of male Ross 708 broiler chickens raised on fresh pine shavings 

or used litter. NC = nontreated diet with fresh pine shaving litter; PC = nontreated diet with used 

litter; 500 BA = diet with 500 ppm of BA on used litter; 1,000 BA = diet with 1,000 ppm of BA 

on used litter; 500/250 BA = diet with 500 ppm of BA from 0 to 8 d and 250 ppm of BA from 8 

to 42 d on used litter;  1,000/250 BA = diet with 1,000 ppm of BA from 0 to 8 d and 250 ppm of 

BA from 8 to 42 d on used litter 
a-b Columns without a common superscript are different (P ≤ 0.05). 
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SUMMARY 

 

An experiment was conducted to evaluate the effects of pure benzoic acid (PBA) or enteric-

released benzoic acid (EBA) on performance, intestinal histology, apparent ileal digestibility 

(AID), cecal coliform and enterococci abundance, and litter moisture of broilers raised on used 

litter. Day-old male broiler chicks were assigned to: control (Con), nontreated diet; positive 

control (BMD), Con + 50 ppm bacitracin methylene disalicylate; PBA, Con +1000 ppm of PBA; 

EBA, Con +330 ppm of EBA. From 0 to 28 and 0 to 42 d, BMD outperformed the Con in either 

BW gain (BWG) or mortality corrected FCR (FCRm) (P ≤ 0.05). Over 0-28 d, EBA and PBA 

improved BWG and FCRm compared to the Con (P ≤ 0.05). When the entire 0-42 d period was 

considered, EBA improved both BWG and FCRm in comparison to Con (P ≤ 0.05). 

Supplementation with EBA and PBA resulted in inconsistent responses in duodenum and 

jejunum morphology; specifically, PBA decreased 28 d duodenal crypt depth and increased 

villus height to crypt depth ratio, while EBA decreased 28 d jejunum crypt depth (P ≤ 0.05). 

There were no differences in AID or cecal coliform counts (P > 0.05) due to treatment. However, 

PBA significantly reduced enterococcus counts at 42 d by 0.48 Log10 CFU/g compared to Con. 

These results suggest that EBA can increase BWG and decrease FCRm, while PBA performance 

was similar to Con. Additionally, benzoic acid decreased crypt depth, with the response being 

tissue-specific depending on the form of benzoic used.  

 

DESCRIPTION OF PROBLEM 

 

The shift away from antibiotics in broiler production presents challenges for poultry 

producers to maintain both bird performance, FE and bird welfare (Smith, 2019). The 
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development of effective and practical antibiotic alternatives is an important step to maintain the 

performance and health of flocks (Korver, 2023). Benzoic acid (BA) is a possible alternative or 

replacement to sub-therapeutic antibiotic use in broiler production.  

Benzoic acid is a weak organic acid that is formed as a colorless crystalline structure 

(Józefiak et al., 2010). Benzoic acid has been historically used as a food preservative due to its 

antimicrobial and antifungal nature (Hazan et al., 2004; Van Immerseel et al., 2006). Its mode of 

action is the acidification of the bacterial cytoplasm, inhibiting cell growth and proliferation 

(Krebs at al., 1983). In addition to the direct antimicrobial effects, BA may also have beneficial 

effects on gastrointestinal health and performance in swine and poultry (Józefiak et al., 2007; 

Diao et al., 2016; Gong et al., 2021; Diether et al., 2022).  

The inclusion of BA in broiler diets has been associated with increased lactic acid 

bacteria and reduced coliform bacteria populations in the gastrointestinal tract (Józefiak et al., 

2010; Giannenas et al., 2014; Yousaf et al., 2017). However, organic acids such as BA are 

typically rapidly metabolized in the gastrointestinal tract (Sugiharto, 2014) potentially limiting 

the ability of the effective molecule to reach the distal intestine. Therefore, encapsulating and 

protecting BA increases its ability to reach the distal portions of the broilers' gastrointestinal 

tract, consequently modifying the intestinal microbiota composition (Van Immerseel et al., 

2005). Previous research has shown inconsistent effectiveness of BA in improving broiler 

performance, as demonstrated in Table 1. However, the encapsulation of BA could potentially 

allow for improved consistency of response and reduce amount needed in dietary inclusion. 

Therefore, the objective of the current experiment was to investigate the effects of an enteric-

released and pure BA on broiler performance, intestinal histology and permeability, apparent 
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ileal digestibility, cecal coliform and enterococci abundance, and litter moisture of broilers raised 

on used litter.   

 

MATERIALS AND METHODS 

 

Animals and Experimental Diets 

 

This experiment was conducted according to the guidelines of the Blue Needles Research 

Animal Care and Use Committee. A total of 1,776 male Ross 708 broiler chicks were obtained 

from a commercial hatchery (Welp’s Hatchery, Bancroft, IA). The experiment was conducted in 

a solid-sided building measuring 40'x125'. The building is insulated and equipped with three 24" 

ventilation fans and two 12" variable speed ventilation fans. Additionally, there are four 42" 

mixing fans hanging from the ceiling down the center of the barn, and ventilation doors above to 

allow fresh air intake. The ceiling includes 12 air inlets that open and close as needed to regulate 

fresh air. Broilers were randomly assigned to four experimental treatments with 12 replicate pens 

of 37 birds per pen. Pens measured 1.524 m x 1.524 m with solid asphalt flooring. Initially 

broilers were housed at a stocking density of 0.063 m2/broiler, which increased to 0.083 

m2/broiler by the end of the experiment. Each of the experimental pens contained used litter that 

was generated from six previous flocks and with six months of downtime before initiation of the 

experiment. The caked top litter was removed and discarded while the remaining litter was 

removed from pens and mixed, then reallotted to pens. Dietary treatments consisted of a negative 

control that received a nontreated control diet (Con); a positive control diet treated with 50 g/ton 

of bacitracin methylene disalicylate (BMD); a diet treated with 330 g/ton of an enteric-released 

BA (EBA; Benzocal-50, Insighter®, Guangdong, China); or a diet treated with 1,000 g/ton of 
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a pure BA (PBA; VevoVitall, DSM Nutritional Products, Kaiseraugst, Switzerland). The feed 

additives were added at the expense of corn. Experimental diets were formulated and mixed for 

the starter (d 0-14), grower (d 14-28), and finisher (d 28-42) periods (Table 2). The diets for each 

period were formulated to meet Aviagen recommendations (Aviagen, 2019), except amino acids 

were formulated to 90% of the Aviagen recommendations. Broilers were provided ad libitum 

access to experimental feed and water over the duration of the experiment. The grower diet 

contained 0.30% titanium dioxide for use as an indigestible dietary marker. Temperature and 

lighting program followed commercial practices recommended by the Ross broiler commercial 

management guidelines (Aviagen, 2018). Facilities and birds were monitored at least twice daily 

for bird health, mortality removal, and to ensure environmental control.  

 

Growth Performance 

 

Broilers were weighed on a pen basis on d 0, 14, 28, and 42 to correspond with dietary 

phase changes. BW gain (BWG) was calculated by the difference between initial pen weight and 

respective pen weight for each period from 0-14, 0-28, and 0-42 d. Feed intake (FI) was 

calculated by the difference between feed offered and refused for the same corresponding 

periods. Broiler chickens that died, were sampled, or culled were weighed, recorded, and used to 

correct FCR for mortality weight. Mortality corrected FCR (FCRm) was calculated by the total 

pen feed intake divided by the total pen BWG plus mortality weight.   

 

Apparent Ileal Digestibility  
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Six broilers from each replicate pen were randomly selected, weighed, and euthanized on 

d 28 for the collection of ileal contents. Ileal contents from the posterior portion of the ileum, as 

defined by Meckel’s diverticulum to the ileal-cecal junction, were collected by gentle manual 

manipulation of the contents into a WHIRL-PAK bag. Ileal contents were pooled by pen and 

stored on ice until frozen. Ileal samples were thawed, weighed, and dried in a forced air oven 

(Freas 645, Thermo Electron Corporation, Marietta, OH) at 55 °C for 24 h, weighed dry and the 

wet and dry weights were used to determine ileal DM. Dried ileal content and feed were ground 

using a coffee grinder. Gross energy of approximately of 0.5 g of ileal content and feed were 

measured in duplicate using a bomb calorimeter (Parr 6400 Calorimeter, Parr Instrument 

Company, Moline, IL) with benzoic acid as the calibration standard. Titanium (Ti) analysis was 

completed using the methods of Leone (1973). Briefly, 0.3 g of dried ileal contents and 0.5 g of 

dried feed samples were ashed at 550°C for 12 h in duplicate (ileal contents) or quadruplicate 

(feed). The samples were then transferred to Pyrex screw cap tubes with 0.8 g of anhydrous 

sodium sulfate and digested in 5 mL of concentrated sulfuric acid at approximately 70°C for at 

least 72 h. Following digestion, all samples were diluted to 50 mL in volumetric flasks. Samples 

were analyzed by a colorimetric method by adding 15 µL of hydrogen peroxide to 100 µL of 

diluted sample. Plates were allowed to sit for 30 min to allow development of color before 

reading in a plate reader (Infinte M200 Pro, Tecan, Morrisville, NC) at 415 nm. The Ti values 

within the ileal content and feed were determined by multiplying the weight of the sample by the 

dilution factor and the final Ti concentrations in solution. The following equation was used to 

determine apparent ileal energy digestibility (AIDe) and apparent ileal DM digestibility 

(AIDdm). 
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AID% = 100 – ((Diet component in ileal/ diet component in diet) * (TiO2 in diet/ TiO2 in ileal)) 

* 100 

 

Litter Moisture 

 

A single handful of litter was collected from the center of each replicate pen and the 

center of four quadrants spaced equally within the pen and combined into a common sample. 

This sample was then mixed in a bucket, and approximately 150 g were placed into a WHIRL-

PAK bag on ice. Samples from the WHIRL-PAK bags were then split into duplicates, weighed, 

and oven-dried at 105°C for 24 h and reweighed dry. The wet and dry weights were used to 

determine litter moisture.  

 

Intestinal Morphology  

 

One bird from each pen was removed, individually weighed, and euthanized for 

collection of histology samples on d 14 and 28. A one-in. sample collected from the center point 

of the duodenum and jejunum was gently flushed with formalin to remove contents and placed 

into a 5 mL conical tube with approximately 3 mL of formalin. Once fixed after 24 h, these 

samples were transferred to 70% ethanol for storage. Samples were sectioned and placed in 

histological cassettes, followed by embedding in paraffin. Samples were placed onto slides and 

stained with hematoxylin-eosin. Brightfield microscopy images were captured using a Nikon 

Eclipse 80i microscope with a DS-Ri1 digital camera (Nikon Instruments, Inc., Melville, 

NY). The villus height (VH) and crypt depth (CD) were measured on 40× magnification images 

using Image J software from National Institutes of Health (Bethesda, MD). Crypt depth was 
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determined based on morphological differences between the crypt and villi structures. VH was 

measured from the top of the functional crypt to the tip of the villus. The VH/CD ratio was 

calculated based on these measurements. Approximately 40-50 CD measurements and 10 to 15 

VH measurements were taken per sample (n = 7 chickens per treatment/timepoint). 

 

Cecal Bacterial Enumeration  

 

One cecal pouch was collected from the same bird from each pen that was euthanized for 

intestinal histology on d 14 and 28. The cecal pouches were stored within a WHIRL-PAK bag, 

immediately placed on ice, and then put into a -20C freezer until analysis. Bacteria were 

extracted from cecal contents using spin columns (Oxendine et al., 2023). Spin columns were 

constructed using the following method. A 20 mL syringe was placed into a 50 mL conical tube 

with the plunger and barrel flanges removed. A sterile 4x4 in gauze pad was placed into the 

syringe to complete the spin column. One gram of cecal content from each sample was weighed 

and placed into a 50 mL conical tube that contained 10 mL of 0.1% Tween 80, sodium phosphate 

buffer (3.4 mM NaH2PO4, 46.6 Na2HPO4, pH 7.4). Tubes were then placed into the arm of a 

wrist-action shaker (Fisher; Waltham, MA) and shaken at maximum speed for five min. The 

contents were then poured into the conical tube with the spin column, which had been pre-wet 

with 0.1% Tween 80, sodium phosphate buffer. The spin column was then centrifuged at 700 x g 

for 1 min, to remove any debris. The spin column filtrate was then centrifuged a second time at 

2,000 x g for 30 min at 4C. The supernatant was removed, and bacterial pellet was resuspended 

in 1 mL of freezer stock medium (15% glycerol, 1% peptone) and 1,000 l was transferred to 

similarly marked Eppendorf tubes and stored at -80oC. Samples were serially diluted 10-fold in 
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buffered saline gelatin with a dilution range of 10-3 to 10-6 and 10 l was spotted, in triplicate, 

onto the agar surface. Dilutions were plated on MacConkey agar (Millipore; Burlington, MA) 

and Bile Esculin Azide agar (Millipore; Burlington, MA) to enumerate coliforms and 

enterococci, respectively. MacConkey agar plates were incubated for 24 h at 37C, and all pink 

colonies, lactose fermenting gram-negative bacteria, were counted. Bile Esculin Azide agar 

plates were incubated for 48 h at 37C and all black colonies, bile esculin positive enterococci 

bacteria, were counted. Counts were enumerated and recorded for each dilution.  

 

Statistical Analysis   

 

All data were analyzed using JMP Pro 16 (SAS Institute Inc., Cary, NC) by one-way 

ANOVA. Each pen was considered an experimental unit. Statistical differences were considered 

significant at P ≤ 0.05. If significant differences were noted, means were separated using 

Student’s t-test (Sarsour and Persia, 2022).  Initial BW (IBW) were used as a covariate for all 

performance measurements as IBW was different (P ≤ 0.05). All percentage data were 

transformed using arcsine prior to analysis.  

 

RESULTS AND DISCUSSION 

 

There were no differences in 0 to 14 d BWG or FCRm among controls and BA 

treatments (P > 0.05) with the exception of the BMD treatment that increased FCRm (P ≤ 0.05) 

(Table 3). The increased FCRm was not expected but could potentially be due to the response of 

broiler chickens to the BMD in a relatively low challenge environment. In the current 
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experiment, the down time between experiments was approximately 6 months, so the down time 

might have initially reduced microbial exposure over the 0 to 14 d starter period (Lopes et al., 

2015; Vaz et al., 2017). When the longer 0 to 28 and 0 to 42 d periods were considered, BWG in 

the BMD treatment was increased by 50 and 101 g, respectively, in relation to the Con (P ≤ 

0.05), although there were no differences in FCRm between Con and BMD over these same time 

periods (P > 0.05).  The longer-term responses of the used litter with and without BMD 

treatment agrees with previous research (Miles et al., 2006; Li et al., 2022). 

 The EBA and PBA treatments over the 0 to 28 d period increased BWG in comparison 

to the Con by 61 and 51 g, respectively (P ≤ 0.05). The BA treated birds resulted in BWG similar 

to that of BMD (P > 0.05) over the 0 to 28 d period. Supplementation of EBA improved FCRm 

by 6.5 and 4.9 points compared to the Con and BMD broilers, respectively (P ≤ 0.05). 

Furthermore, PBA supplementation from 0 to 28 d improved FCRm by 4.3 points in relation to 

the Con (P ≤ 0.05) but was similar to BMD (P > 0.05). Over time, litter moisture increased 

resulting in the regrowth of pathogens in the organic fraction of the litter (Wilkinson et al., 

2011). This increased challenge from the litter is providing the opportunity for the BA and BMD 

treatments to have a greater impact on broiler performance over the extended 0-28 d period even 

if the responses were not noted earlier over the 0 to 14 d period. Over the entire 0 to 42 d 

experiment, EBA supplementation was able to increase BWG by 122 g compared to the Con (P 

≤ 0.05), resulting in BWG similar to BMD (P > 0.05). Unlike EBA, PBA supplementation 

exhibited a similar BWG and FCRm as the Con (P > 0.05) over the entire 0-42 d period. The 

EBA treatment improved FCRm by 4.6 and 4.5 points in relation to the Con and BMD 

treatments, respectively (P ≤ 0.05). Józefiak and coworkers (2007) were able to establish an 

upper tolerance estimate of BA using a 42-d experiment to assess the impact of various inclusion 
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levels (2,500, 5,000, and 7,500 ppm) of pure BA on broiler performance. Supplementation of 

pure BA at 2,500 ppm resulted in similar broiler BWG and FCR as the control treatment. 

However, supplementation of pure BA at 5,000 and 7,500 ppm decreased BWG and increased 

FCR in comparison to the control. The observed decrease in broiler performance at higher 

concentrations of 5,000 and 7,500 ppm indicates a potential toxicity of BA. In a 21-d broiler 

experiment, Olukosi and Dono (2014) supplemented pure BA at 2,000 ppm that resulted in 

comparable BWG and FCR when fed in a wheat and soybean-based diet (P > 0.05). 

Supplementation of pure BA at 1,000 ppm did not alter BWG but decreased FCR by 16.1 points 

in broiler over 0 to 42 d (Tzora et al., 2017). In a 35-d floor pen experiment, supplementation of 

an encapsulated BA at 2,000 ppm showed no differences with the negative control for either 

BWG or FCR (Yousaf et al., 2017). Overall, previous research has demonstrated inconsistent 

effectiveness of BA in increasing broiler growth and improving FCR.  

There were no differences in ileal digestibility for broiler AIDe or AIDdm on d 28 (P > 

0.05), regardless of treatment (Table 4). Supplementation with 500 or 1,000 ppm of an 

encapsulated BA had no effect on ileal Ca, P, and CP digestibility in broilers at 28 d of age 

(Karami et al., 2020a; Karami et al., 2020b). Current literature reports suggest that BA does not 

have a direct effect on nutrient digestibility. Benzoic acid is potentially working indirectly 

through increased volatile fatty acid (VFA) production (Józefiak et al., 2010). These increased 

VFA are passively absorbed and are accounted for when AME and AMEn are measured 

(Bergman, 1990), supporting the increased AME and AMEn of broiler chickens supplemented 

with 2,000 ppm of pure BA (Olukosi and Dono, 2014).  

The effects of enteric-released and pure BA on litter moisture on d 14, 28, and 42 are 

reported in Table 4. The solid-sided, insulated structure, combined with the advanced ventilation 
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and heating systems, would have maintained a stable internal environment, potentially reducing 

external environmental influences such as humidity and temperature fluctuations. This controlled 

environment helps in ensuring that the observed effects on litter moisture are primarily due to the 

dietary treatments rather than external environmental variations. On d 14, there were no 

differences in litter moisture, and this follows a similar response to the BWG results from 0 to 14 

d (P > 0.05). This is potentially due to the amount of downtime for the litter before the 

experimental birds were placed. Johnson and coworkers (2021) observed that after seven d of 

downtime, there was a gradual decrease in litter moisture. By d 28, litter moisture was the 

highest in the Con pens (43.8 %), BMD pens were intermediate (37.9 %), and the 

supplementation of either EBA or PBA decreased litter moisture (32.6 % and 31.4 %, 

respectively; P ≤ 0.01). Reports have been mixed as supplementation of a coated BA at 500 ppm 

increased 28 d broiler litter moisture, while 1,000 ppm resulted in similar litter moisture as that 

of the control (Karami et al., 2020b). At d 42, there were no significant differences among the 

treatments, but a trend was noted with BMD resulting in the highest litter moisture and EBA the 

lowest litter moisture (P = 0.07).  This loss of significance between 28 and 42 d is potentially due 

to the increased ventilation, and litter drying as the birds aged. The decreased litter moisture 

could suggest increased intestinal health with reduced diarrhea, dysbiosis, and overall increased 

litter quality (Collett, 2012).  

There were no significant improvements from any treatment in duodenum or jejunum 

morphology on d 14 when compared to the Con treatment (Table 5). On d 28, duodenum villi 

were not different among the treatments. However, in the upper portion of the gastrointestinal 

tract, the supplementation of PBA was able to significantly decrease duodenum crypt depth 

among all treatments. Additionally, the supplementation of PBA was able to increase duodenum 
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V:C ratio at d 28 (P ≤ 0.05). On d 28, there were no differences in jejunum villi and V:C ratio 

among the treatments (P > 0.05). However, the supplementation of EBA decreased jejunum crypt 

depth in comparison to the other treatments (P ≤ 0.05). The decrease in crypt depth could be an 

indicator of decreased intestinal damage or possibly increased intestinal health, as an increase in 

crypt depth is related to increased turnover and increased need for new epithelial cells (Zhang et 

al., 2005). The improved performance for EBA and PBA at d 28 may partly be attributed to 

reduced energy allocation toward cell turnover (Gao et al., 2008). The PBA supplementation is 

having its effects earlier in the intestinal tract, within the duodenum, however, once applied 

enteric-release preparation process as in the EBA, this response is delayed until the distal small 

intestine in the jejunum (Hu and Guo, 2007). In contrast to the current data, previous research 

showed 1,000 ppm of a pure BA fed to broilers did not alter duodenum or jejunum morphology 

but did significantly decrease crypt depth within the ileum of the broilers at 42 d of age (Tzora et 

al., 2017). However, broilers supplemented with 2,000 ppm of pure BA resulted in increased 

jejunum villi height and crypt depth, potentially indicating that the higher inclusion level of pure 

BA enabled these effects (Olukosi and Dono, 2014). Similarly, supplementation of coated BA at 

a lower inclusion level of 500 ppm was able to significantly increase jejunum villi height in 

broilers at d 28 in comparison to the un-supplemented control (Karami et al., 2020b). These 

inconsistent results with BA in broiler intestinal morphology may stem from influences such as 

broiler age, inclusion level and form of BA.  

The effects of enteric-released and pure BA on cecal coliform and enterococci abundance 

on d 28 and d 42 are presented in Table 6. On d 28, there were no differences in terms of 

abundance for either coliforms or enterococci within the cecal content of the broilers (P = 0.12 

and P = 0.11, respectively). This possibly indicates that, regardless of treatment, the microbial 
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landscape was relatively uniform. Similarly, on d 42 there were no differences in coliform 

abundance among any of the treatments (P = 0.18). However, there was a significant difference 

in enterococci abundance on d 42. The supplementation of PBA decreased enterococci by 0.48-

Log10 CFU/g (P ≤ 0.05), which could be potentially beneficial in reducing pathogenic species of 

enterococcus such as Enterococcus cecorum (Jung et al., 2018). The observed reduction in 

enterococci were a half-Log10 difference, which may not seem biologically significant in 

broilers. However, repeated treatments with BA of subsequent broiler flocks, cycled on the same, 

used poultry litter may reduce enterococci, a potential indicator of E. cecorum, in litter and 

broilers raised in this environment. The poultry house environment itself is a source for bacteria 

that seed the gastrointestinal tract (Kubasova et al., 2019; Rychlik et al., 2023). When evaluating 

the practical significance of these findings, variables like the resilience of the broiler’s 

gastrointestinal tract and the inherent fluctuation in microbial communities should be considered 

(Bindari and Gerber, 2022). In contrast to the current data, Tzora and colleagues (2017) observed 

a 3-Log10 CFU/g increase in jejunum and cecal enterobacteria when broilers were supplemented 

with pure BA at 1,000 ppm. However, in broilers supplemented with pure BA at 2,500, 5,000, 

and 7,500 ppm there were no differences in cecal coliform bacteria (Józefiak et al., 2007). 

Similarly, broilers supplemented with pure BA at 1,000 and 2,000 ppm resulted in no differences 

in cecal coliform bacteria, however there was a 2-log decrease in coliform bacteria in the ileum 

with either inclusion level (Józefiak et al., 2010). Furthermore, supplementation of an 

encapsulated BA at 2,000 ppm resulted no differences in cecal coliform and enterococci bacteria, 

although there was a 0.5-Log10 CFU/g increase of enterococci within the jejunum (Yousaf et al., 

2017). The current study is consistent with the majority of prior research on microbial abundance 



 116 

and possibly explains that benzoic acid is not relied upon to affect microbial abundance to have a 

positive effect on gut health.  

 

CONCLUSIONS AND APPLICATIONS 

 

1. Supplementation of enteric-released benzoic acid improved BWG in comparison to the 

Con and restored BWG similar to that of the BMD fed broilers and was able to decrease 

FCRm in comparison to both the Con and BMD fed birds.  

2. Consistent with the majority of previous research in broiler chickens, supplementation of 

a pure benzoic acid resulted in similar BWG and FCRm as the Con. 

3.  Supplementation of enteric-released benzoic acid at a more reduced concentration than a 

pure benzoic acid is a potential method to allow the benzoic acid to reach more distal 

areas of the broiler intestines at a lower inclusion rate.  

4. The potential mode of action of benzoic acid supplementation in broiler chickens could 

be the improvement of intestinal health resulting in decreased crypt depth (reduced 

maintenance energy requirements) and increased litter quality and microbial alterations 

reducing disease risk.  
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Table 1. Previous research with supplementation of benzoic acid (BA) to broilers. 

Author Dose(s) Type Response 

Józefiak et al., 2007 2,500 ppm 

5,000 ppm 

7,500 ppm 

VevoVitall® 

(pure) 

2,500 ppm of BA was similar to non-supplemented control 

5,000 ppm and 7,500 ppm decreased BW gain and increased FCR. 

7,500 ppm decreased coliform bacteria 

Józefiak et al., 2010 1,000 ppm 

2,000 ppm 

VevoVitall® 

(pure) 

1,000 ppm performed similar to the non-supplemented control 

2,000 ppm decreased performance 

1,000 and 2,000 ppm BA reduced coliform bacteria in the ileum, but had no 

effect on crop or ceca coliform bacteria 

1,000 ppm decreased lactic acid bacteria in ceca, but had no effect on ileal 

lactic acid bacteria 

2,000 ppm increased lactic acid bacteria in ileum, but had no effect on the 

ileal lactic acid bacteria 

Giannenas et al., 

2014 

300 ppm 

1,000 ppm 

VevoVitall® 

(pure) 

300 ppm improved performance compared to the control and 1,000 ppm 

1,000 ppm performed similarly to the control for BW gain and FCR 

300 ppm and 1,000 ppm increased lactic acid bacteria and decreased 

coliform bacteria in the ceca 

Olukosi and Dono, 

2014 

2,000 ppm Food-grade, 

white, 

crystalline 

No effect on growth performance 

Increased villus height and crypt depth 

Improved AME and AMEn, but no effect on IDE or DM digestibility 

Barea et al., 2017 500 ppm Avimatrix® 

(coated) 

No effect on growth performance (FCR response; P = 0.11) 

Decreased C. perfringens CFUs/g by 77.8% and E. coli CFUs/g by 97.3% 

Tzora et al., 2017 1,000 ppm Vevovitall® 

(pure) 

Improved FCR by 16.1 points and ileal morphology 

Yousaf et al., 2017 2,000 ppm Avimatrix® 

(coated) 

No effect on growth performance 

Karami et al., 2020a 500 ppm Avimatrix® 

(coated) 

No effect on growth performance or intestinal histology 

Karami et al., 2020b 500 ppm 

1,000 ppm 

Avimatrix® 

(coated) 

No effect on growth performance or nutrient digestibility  
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Table 2. Formulation and nutrient composition of diets fed to male broilers provided of enteric-

released and pure benzoic acid in Ross 708 male chicks.1 

1 Treatment diets were obtained by supplementing BMD at 0.005% for BMD, Benzocal-50 at 

0.033% for EBA, and VevoVitall at 0.1% for PBA, with these feed additives added at the 

expense of corn. 
2 Vitamin premix: per kg of finished feed: vitamin A, 4,410 IU; vitamin D3, 1,001 IU; vitamin E, 

11 IU; menadione, 1.2 mg; vitamin B12, 0.01 mg; riboflavin, 4.4 mg; D-pantothenic acid, 10 mg; 

niacin, 22 mg.  

3 Mineral premix: per kg of finished feed: copper, 5 mg; iodine, 0.75 mg; iron, 75 mg; 

manganese, 75 mg; selenium, 0.1 mg; zinc, 75 mg.  

4 Quantum BLUE 5 G (AB Vista, Marlborough, UK) was formulated to provide 1,000 FTU and 

release 0.20% dietary calcium and nPP. 
5 Titanium Dioxide was added as an inert marker for digestibility determination.   

Ingredient 
Starter  

(0-14 d) 

Grower  

(14-28 d) 

Finisher  

(28-42 d) 

 
________________________ (%) __________________________ 

Corn 63.84 65.42 65.23 

Soybean meal (48% CP)  30.08 25.51 22.60 

Dried distillers’ grains with solubles 2.00 4.00 6.00 

Soy oil 0.70 1.82 3.46 

Salt 0.20 0.19 0.18 

Sodium Bicarbonate 0.25 0.25 0.25 

DL-Methionine 0.28 0.24 0.22 

L-Lysine HCl (78.5%)  0.25 0.23 0.21 

L-Threonine 0.05 0.02 0.00 

Limestone 1.12 1.05 1.01 

Dicalcium phosphate   0.76 0.48 0.35 

Choline chloride (60%) 0.10 0.10 0.10 

Vitamin premix2 0.20 0.20 0.20 

Mineral premix3 0.15 0.15 0.15 

Phytase4 0.02 0.02 0.02 

Titanium dioxide5 0.00 0.30 0.00 
    

Calculated Composition ________________________ (%) __________________________ 

Metabolizable energy (kcal/kg) 3000 3090 3190 

Crude protein 20.8 19.2 18.3 

Calcium 0.90 0.80 0.75 

Non-phytate phosphorus (nPP) 0.45 0.40 0.38 

Crude Fat 3.76 5.03 6.72 

Crude Fiber 2.70 2.73 2.75 

Digestible methionine + cysteine 0.86 0.79 0.75 

Digestible lysine 1.14 1.02 0.94 

Digestible threonine 0.75 0.67 0.62 
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Table 3. Effects of enteric-released and pure benzoic acid in Ross 708 male chicks raised on BW 

gain (BWG) and mortality corrected FCR (FCRm)1 of 0 to 42 d-old broiler chicks.2 

 2 Treatments consisted of 12 replicate pens with 37, 35, 34, and 28 birds per replicate pen from d 

0-7, 7-14, 14-28 and 28-42, respectively.  

3 C = nontreated diet with used litter; BMD = bacitracin methylene disalicylate, diet with BMD 

50g/ton on used litter; EBA = Enteric-released benzoic acid, diet with Benzocal-50 at 330 

g/ton on used litter; PBA = Pure benzoic acid, diet with VevoVitall at 1,000 g/ton on used litter. 
4 IBW = Initial BW, IBW was used as a covariate for BWG and FCRm. 
a-c Columns without a common superscript are different (P ≤ 0.05). 

Treatments3 
d 0 d 0-14 d 0-28 d 0-42 

IBW4 BWG FCRm BWG FCRm BWG FCRm 

 (g/bird) (g/bird) (g/g) (g/bird) (g/g) (g/bird) (g/g) 

        

C 39.3a 322.5 0.997b 1104b 1.381a 
2520b 1.496a 

BMD 39.3a 313.0 1.104a 1154a 1.365ab 2621a 1.495a 

EBA 38.8b 315.0 0.983b 1165a 1.316c 2642a 1.450b 

PBA 38.6b 319.7 0.991b 1155a 1.338bc 2538b 1.503a 

        

Pooled SEM 0.28 4.49 0.011 14.26 0.013 27.44 0.009 

        

P-value ≤ 0.01 0.28 ≤ 0.01 0.02 ≤ 0.01 ≤ 0.01 ≤ 0.01 
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Table 4. Effects of enteric-released and pure benzoic acid in Ross 708 male chicks raised on 

apparent ileal digestibility and litter moisture.1 

1 Treatments consisted of 12 replicate pens with 37, 35, 34, and 28 birds per replicate pen from d 

0-7, 7-14, 14-28 and 28-42, respectively.  

2 C = nontreated diet with used litter; BMD = bacitracin methylene disalicylate, diet with BMD 

50g/ton on used litter; EBA = Enteric-released benzoic acid, diet with Benzocal-50 at 330 

g/ton on used litter; PBA = Pure benzoic acid, diet with VevoVitall at 1,000 g/ton on used litter. 
3AIDe = apparent ileal digestibility of energy 

4AIDdm = apparent ileal digestibility of DM 

5Percentage data were arcsine transformed before analysis for normality. 
a-c Columns without a common superscript are different (P ≤ 0.05). 

Treatments2 
AIDe3 AIDdm4 Litter Moisture 

d 28 d 14 d 28 d 42 

 _______________ (%) _______________ _____________________ (%) _____________________ 

      

C 67.8 65.7 18.2 43.3a 40.8 

BMD 66.9 64.7 18.0 37.9ab 36.7 

EBA 67.7 65.5 17.4 32.6bc 36.5 

PBA 67.8 65.7 21.1 31.4c 38.2 

      

Pooled SEM N/A5 N/A N/A N/A N/A 

      

P-value 0.99 0.99 0.24 ≤ 0.01 0.07 
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Table 5. Effects of enteric-released and pure benzoic acid in Ross 708 male chicks raised on duodenum and jejunum morphology on d 

14 and 28.1 

1 Treatments consisted of 12 replicate pens with 37, 35, 34, and 28 birds per replicate pen from d 0-7, 7-14, 14-28 and 28-42, 

respectively.  

2 C = nontreated diet with used litter; BMD = bacitracin methylene disalicylate, diet with BMD 50g/ton on used litter; EBA = Enteric-

released benzoic acid, diet with Benzocal-50 at 330 g/ton on used litter; PBA = Pure benzoic acid, diet with VevoVitall at 1,000 

g/ton on used litter. 
3 VH = villus height 

4 CD = crypt depth 

a-b Columns without a common superscript are different (P ≤ 0.05).

 Duodenum Jejunum 

Treatments2 

 d 14 d 28 d 14 d 28 

VH3 CD4 VH/CD 

Ratio 
VH CD 

VH/CD 

Ratio 
VH CD 

VH/CD 

Ratio 
VH CD 

VH/CD 

Ratio 

 (m) (m) (m/m) (m) (m) (m/m) (m) (m) (m/m) (m) (m) (m/m) 

             

C 
1696 156.3ab 10.98ab 2044 259.9a 7.88b 826 165.8 5.11 1164 199.5a 5.90 

BMD 
1600 172.6a 9.49b 2018 244.7a 8.31b 791 149.9 5.44 1156 193.4a 6.06 

EBA 1803 145.6b 12.49a 1988 249.5a 8.24b 934 188.9 5.02 1164 158.2b 7.43 

PBA 1806 173.4a 10.45b 2175 196.8b 11.10a 893 184.6 4.99 1187 214.7a 5.59 

             

Pooled SEM 71.01 7.97 0.57 97.85 10.45 0.53 42.71 11.31 0.40 84.56 8.02 0.53 

             

P-value 0.18 0.05 0.01 0.51 ≤ 0.01 ≤ 0.01 0.15 0.09 0.84 0.99 ≤ 0.01 0.07 
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Table 6. Effects of enteric-released and pure benzoic acid in Ross 708 male chicks raised on 

bacterial enumeration in cecal content on d 28 and 42.1 

1 Treatments consisted of 12 replicate pens with 37, 35, 34, and 28 birds per replicate pen from d 

0-7, 7-14, 14-28 and 28-42, respectively.  

2 C = nontreated diet with used litter; BMD = bacitracin methylene disalicylate, diet with BMD 

50g/ton on used litter; EBA = Enteric-released benzoic acid, diet with Benzocal-50 at 330 

g/ton on used litter; PBA = Pure benzoic acid, diet with VevoVitall at 1,000 g/ton on used litter. 
3 Coliform = gram negative bacteria as an indication of pathogenic bacteria. 

4 Enterococcus = gram positive bacteria as an indication of potential food safety bacteria. 

Treatments2 d 28 d 42 

Coliform3 Enterococcus4 Coliform Enterococcus 

 (log10 cfu/g) (log10 cfu/g) (log10 cfu/g) (log10 cfu/g) 

     

C 
5.11 5.13 4.49 4.59a 

BMD 5.13 5.54 4.13 4.57a 

EBA 5.34 5.20 4.90 4.81a 

PBA 5.66 5.06 4.50 4.11b 

     

Pooled SEM 0.159 0.153 0.226 0.151 

     

P-value 0.12 0.11 0.18 0.02 
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CHAPTER 6: 

 

Effects of the combination of betaine and butyrate on broiler chickens raised on used litter 

with different amounts of moisture 

 

C.J. Fritzlen * and M.E. Persia*,1 
 

* School of Animal Sciences, Virginia Tech, Blacksburg, VA 24061 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 



 128 

SUMMARY 

 

An experiment was conducted to evaluate the combination of betaine and butyrate (B+B) on 

broilers raised on used litter with varying moisture content. Experimental treatments were 

arranged as a 2 x 3 factorial including two diets (control and B+B) and three litter water addition 

treatments (0-, 1,000-, and 2,000-mL water/d, added from d 0-21). Supplementation of B+B did 

not affect litter moisture (P > 0.05), but water addition increased litter moisture (P ≤ 0.05), 

peaking at 53.4% and 59.6% moisture when 1,000 and 2,000 mL/d treatments were measured at 

D 21.  These differences in litter moisture persisted throughout the 42-d experiment P ≤ 0.07). 

Over the 0-10 d period, 2,000 mL/d decreased BW gain (BWG down to 212.6 g compared to 

217.2 g of BWG with 0 mL/d and 1,000 mL/d intermediate at 214.1 g (P ≤ 0.05). From 0-10 d, 

B+B decreased BWG compared to the control diet (211.7 v. 217.5; P < 0.05). No differences in 

performance were observed for 0-28 d or 0-42 d (P > 0.05). At d 17, B+B increased ileal energy 

and DM digestibility compared to the control (77.6% v. 74.6% and 73.9% v. 70.7%, 

respectively). Intestinal permeability and gene expression were not affected by treatment (P > 

0.05). In conclusion, the combination of B+B was not able to improve performance, but 

improved nutrient digestibility. Managing litter moisture remains important for maintaining 

overall litter quality and bird health in broiler production, particularly in the starter phase. 

 

DESCRIPTION OF PROBLEM 

 

Customer demand and government regulation have resulted in the reduced use or 

elimination of antibiotics in commercial broiler production. Reduced antibiotic use has been 

associated with increased early post-hatch infections, decreased chick quality, and fewer tools for 
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controlling coccidiosis and maintaining intestinal health (Allen and Fetterer, 2002; Kemmett et 

al., 2014). Without effective coccidial control, excessive Eimeria replication can damage the 

intestinal integrity, predisposing birds to secondary bacterial infections, including Clostridium 

perfringens, the causative agent of necrotic enteritis (Moore, 2016). Subclinical Eimeria 

infections can impair growth and feed efficiency, while severe outbreaks can increase mortality 

resulting in higher economic losses (Skinner et al., 2010).  

Litter moisture management is critical, particularly during colder months, and the 

negative effects of poor litter management has become more evident with the loss of or reduced 

use of feed antibiotics (Collett, 2012; Dunlop et al., 2016). The absence of antibiotics may 

exacerbate intestinal diseases, leading to compromised nutrient absorption, diarrhea, and 

increased litter moisture (Kettunen et al., 2001b; Persia et al., 2006; Perez-Carbajal et al., 2010). 

Poor litter conditions not only impact flock health but can also result in substantial financial 

losses, with estimates suggesting up to $950 per flock of 20,000 birds (Ritz et al., 2017). The 

costs associated include increased environmental ammonia, increased disease and parasites all 

resulting in decreased live performance at the farm and increased condemnations, downgrades, at 

the plant.  

Little research has investigated the combination of betaine and butyrate in broiler 

production. Individually, betaine has demonstrated positive effects on performance, nutrient 

digestibility, carcass quality, and the potential to reduce both diarrhea and litter moisture 

(Augustine and Danforth, 1999; Metzler-Zebeli et al., 2009; Chen et al., 2020). Betaine 

possesses osmoprotectant properties which may help maintain intestinal cell water balance, 

mitigating water loss and reducing fecal moisture (Ferket, 1995; Kettunen et al., 2001b; Al-

Sagan et al., 2021).  
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Butyrate has been associated with improved body weight gain, increased villus height, 

decreased FCR, and coccidia oocyst shedding. (Kaczmark et al., 2016, Sizmaz et al., 2022). In 

addition to its role in gut morphology, butyrate serves as an energy source for enterocytes, 

supporting intestinal integrity and immune function. The distinct modes of action of betaine, 

which supports osmotic regulation, and butyrate, which promotes gut morphology and microbial 

balance, may contribute to intestinal health and broiler performance when included together in 

the diet. Therefore, the current experiment was conducted to evaluate the effects of a diet 

containing both betaine and butyrate on 0- to 42-d-old broiler chickens raised on used litter with 

differing moisture content. 

 

MATERIALS AND METHODS 

 

Animals and Experimental Diets 

 

This experiment was carried out in accordance with the Virginia Tech Institutional 

Animal Care and Use Committee. A total of 2,305 male Ross 708 broiler chicks were selected 

from a group of chicks obtained from a commercial hatchery (Myers Hatchery, South Fork, 

PA). Broilers were allotted among six experimental treatment groups of 12 replicate pens at 32 

chicks/pen. Each treatment was randomly assigned to pen within a block. Initially, the floor pens 

(1.372 m x 1.372 m) were stocked with birds at a density of 0.06 m2 per broiler. By the end of 

the experiment, the final stocking density was 0.09 m2 per broiler (maximum of 21 birds per pen 

after 11 birds were euthanized for sample collection on d 17). Experimental treatments consisted 

of a 2 x 3 factorial arrangement of treatments including 2 diets (Control and Betaine and 

Butyrate; B+B) and 3 levels of litter water addition over the first 21 d (0, 1,000, and 2,000 
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mL/d). The first 21 d of the experiment was selected to alter litter moisture over peak coccidial 

infection and to minimize potential respiratory issues. All diets were generated using a basal diet 

of common ingredients before betaine and butyrate were added. The starter diet (0 to 10 d) was 

provided as a crumbled pellet and the grower (10 to 28 d), and finisher diets (28 to 42 d) were 

provided as a pellet. (Table 1). Broilers were provided ad libitum access to experimental feed 

and water. 

This used litter model employed in this experiment was primarily based on Sizmaz and 

colleagues (2022) with alterations noted below. In each pen allocated for used litter, d-old off 

male chicks from a female broiler breeder line (25 chicks per pen) were provided 590 g of feed 

treated with a coccidial vaccine via a cardboard tray for the initial three d period. This treated 

diet was prepared by mixing one vial of Coccivac® B-52 (Merck Animal Health, Rahway, NJ, 

USA) with approximately 1,300 g of mash feed, which was then mixed with the remaining mash 

feed to produce 45 kg of treated mash feed. Following the first 3 d, the seeder birds were 

transitioned to standard starter and grower diets until 17 d of age, at which point both the seeder 

birds and feed were removed from all pens. All used litter was moved to the center of the house, 

thoroughly mixed, and redistributed into the designated used litter pens. After thirteen d of 

downtime the experimental broilers were placed into the pens and the formal experiment began. 

The pen temperature was 35°C for the first 3 d, then gradually decreased until 20°C was reached 

and maintained. Continuous lighting and supplemental heat were provided through heat lamps 

from 0 to 3 d of age. From 4 to 42 d, a lighting schedule of 20 h of light and 4 h of darkness was 

implemented. Regular health checks and removal of mortality were conducted at least twice 

daily. 
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Litter Moisture 

 

Litter moisture was determined on a weekly basis, by collecting a handful of litter from 

the center of each pen and the center of the four equal quadrants within the pen and combined 

into a common sample. This sample was then mixed in a bucket, and approximately 150 g were 

placed into a WHIRL-PAK bag on ice. Samples were stored in the freezer at -20°C until further 

analysis. Samples from the WHIRL-PAK bags were then split into duplicate samples, weighed, 

and oven-dried at 100°C for 24 h and reweighed. The wet and dry weights were used to 

determine litter moisture.  

 

Growth Performance 

 

Broilers were weighed on a pen basis on d 0, 10, 28, and 42 in coordination with diet 

changes throughout the experiment.  Body weight gain (BWG) and feed intake (FI) were 

determined for the phases of 0 to 10, 0 to 28, and 0 to 42 d. Body weight gain was calculated by 

subtracting the initial BW from the respective BW for each phase. FI was calculated by the 

difference between the amount of feed offered and refused during the corresponding periods. All 

broilers that died, were culled due to health or were sampled for tissue collection, or culled were 

weighed, and those weights utilized to correct the FCR. The mortality corrected FCR (FCRm) 

was calculated by dividing the total FI of the pen by sum of the pen’s BWG plus the BWG from 

all mortalities, culls or sampled birds within the pen. 

 

Apparent Ileal Digestibility  
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On d 17, eleven broilers from each pen were weighed and euthanized for the collection of 

ileal contents. The contents from the posterior half of the ileum, defined by Meckel’s 

diverticulum to the ileal-cecal junction, were gathered by gentle finger manipulation into 

WHIRL-PAK bags (Filtration Group, Austin, TX, USA). Ileal contents were pooled by pen and 

kept on ice until frozen for later analysis. The pooled ileal samples were weighed, before being 

dried in a forced air oven (Freas 645, Thermo Electron Corporation, Marietta, OH) at 55 °C for 

24 h to determine ileal DM. Dried ileal content and feed were then ground using a coffee grinder. 

The gross energy of both the ileal content and feed were measured in duplicate using a using a 

bomb calorimeter (Parr 6400 Calorimeter, Parr Instrument Company). The content of crude fat 

was estimated gravimetrically by filter bag technique after petroleum ether extraction of the 

dried sample in an extraction system Ankom XT10 (AOAC 920.39). Acid digestion of both feed 

and ileal content in sulfuric acid was used to determine the titanium content in the sample, 

following the procedures outlined by Leone (1973). Approximately 0.3 g of dried ileal contents 

and 0.5 g of dried feed samples were ashed at 550°C for 12 hours in duplicate (ileal contents) or 

quadruplicate (feed). Apparent ileal energy digestibility (AIDe), apparent ileal DM digestibility 

(AIDdm), and apparent ileal fat digestibility (AIDf) were calculated using the following equation 

(Gautier and Rochell, 2020):  

AID% = ((diet component in diet / TiO2 in diet) – (diet component in ileal /TiO2 in ileal)) / (diet 

component in diet / TiO2 in diet)) * 100 

 

Intestinal Morphology 

 

Based on needed power, six broilers from different replicate pens per treatment were 

selected for intestinal histology sample collection. The birds for intestinal histology collection 
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were selected from the birds used for ileal content collection. A one-in segment of tissue from 

the midpoint of both the duodenum and jejunum was flushed with formalin and placed into a 5 

mL conical tube containing approximately 2 mL of formalin. Once fixed, the method for 

handling and examining the jejunum followed procedures described by Vasanthakumari and 

colleagues (2023). Villus height (VH) was measured from the top of the functional crypt to the 

tip of the villus. Crypt depth (CD) was determined based on morphological differences between 

the crypt and villus structures. The VH/CD ratio was determined as a direct ratio oof these 

measurements. Approximately 40-50 measurements of CD and 10 to 15 measurements of VH 

were generated per sample and averaged into one value.  

 

Intestinal Permeability  

 

On d 18, one bird per pen was selected and orally gavaged with 8.32 mg/kg of fluorescein 

isothiocyanate-dextran (FITC-d) dissolved in double distilled water (Baxter et al., 2017). The 

concentration of serum fluorescence was calculated using a standard curve of FITC-d, generated 

by adding FITC-d into serum from broilers in the same experimental conditions that were not 

orally administered FITC-d to account for background fluorescence.  

 

Quantitative Real-Time PCR 

 

One bird was selected from the eleven euthanized for ileal content collection to obtain an 

intestinal mucosal sample. The mucosa from the duodenum was gently scraped from the 

underlying muscle layer of a 5 cm section in the center of the duodenum using a glass 

microscope slide. These samples were promptly frozen in liquid nitrogen and stored at −80°C. 
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Subsequently, mucosal scrapings were homogenized in TriReagent (Molecular Research Center 

Inc., Cincinnati, OH), and total RNA extraction was conducted using the Direct-ZOL® RNA 

MiniPrep Kit (Zymo Research, Irvine, CA). Reverse transcription polymerase chain reaction 

(RT-PCR) was performed following the procedures of Cloft and coworkers (2023). Each sample 

was amplified in duplicate, and amplification efficiency was determined by standard curves to 

ensure equal efficiency between target genes and the reference gene. Relative fold change was 

calculated using the 2−ΔΔC T method (Schmittgen and Livak, 2008) with glyceraldehyde-3-

phosphate dehydrogenase (GAPDH) and ribosomal protein lateral stalk subunit P1 (RPLP1) 

serving as the reference genes. The genes measured and primers used for tight junction proteins 

(Claudin-1, CLDN-1; junctional adhesion molecule A, JAMA), host defense peptides (Avian β-

defensin 10, AvBD10; Avian β-defensin 11, AvBD11), and inflammation markers (Myeloid 

differentiation primary response protein 88, MyD88; lipopolysaccharide-induced TNF-alpha 

factor, LITAF) are provided in Table 2.  

 

Oocyst Shedding 

 

On d 5 to 7, 11 to 13, 17 to 19, and 22 to 24, fresh excreta were collected from each pen 

to determine coccidia oocyst shedding. Each d, approximately two to four fresh excreta samples 

were collected resulting in approximately 2 g of fresh excreta per d, and these samples were 

combined over three consecutive d to form one composite sample for each replicate pen across 

the 3-d collection period. Composite samples were standardized to 30 mL within conical tubes, 

with the addition of 10 mL of 5% potassium dichromate to each tube (Long, 1970). Oocysts were 

enumerated in quadruplicate using a counting chamber (McMaster; JA Whitlock & Company, 

New South Wales, Australia) and a microscope (Olympus CX21-FS1, Tokyo, Japan) set at 10x 



 136 

magnification (Dalloul et al., 2003). The total number of oocysts were calculated using the 

formula:  

Total oocysts/g of excreta = (oocyst counted / chamber volume) × dilution factor × (composite 

sample volume/g of excreta used). 

 

Footpad Lesion Scores 

 

On d 28 and 41, three birds per pen were randomly selected and assigned a score (0 to 4) 

based on footpad lesions (Rushen et al., 2011). Briefly, each footpad of the three birds were 

examined and assigned a score corresponding to the severity of footpad lesions ranging from 0 

(indicating no presence of footpad lesions) to 4 (indicating severe footpad lesions). The footpad 

scores were averaged by pen to obtain a single value per pen. 

 

Statistical Analysis 

 

All data were analyzed by two-way ANOVA using a factorial arrangement with diet and 

litter water addition as the main effects (JMP Pro 16, SAS Institute Inc., Cary, NC). Each pen 

was considered an experimental unit. Statistical differences were considered significant if 

ANOVA was P ≤ 0.05. If significant ANOVA differences were noted, means were separated 

using Student’s t-test (Sarsour and Persia, 2022). Data are presented as means with a pooled 

SEM unless noted otherwise. 

 

RESULTS AND DISCUSSION 

 



 137 

There were no interactions between diet treatment and water addition to the litter for the 

first 21 d on litter moisture throughout the entire experiment (P > 0.05; Table 3). The water 

addition significantly increased litter moisture, particularly in the early stages of the experiment, 

validating the litter water addition model as a method to generate differences in litter moisture. 

On d 8, litter moisture was significantly increased in the 1,000 mL/d (35.8%) and 2,000 mL/d 

(45.0%) treatments compared to the control without water addition (21.0%). Similar results were 

noted on d 14 and 21. The highest litter moisture values were observed on d 21 with litter water 

addition, reaching values of 53.4% and 59.6% moisture for the 1,000 and 2,000 mL/d treatments, 

respectively. From d 29 onwards, the difference in litter moisture between the treatments with 

litter water addition and the control without water addition began to decrease numerically but 

remained significant. Even by d 41, the treatments with litter water addition over the first 21 d 

continued to show higher moisture content (P = 0.07) than the control without water addition. 

This litter moisture response to water additions or increased stocking density is consistent with 

previous research (Sørensen et al., 2000; Dozier et al., 2005; Cengiz et al., 2011). The 

supplementation of B+B did not affect litter moisture (P > 0.05). The lack of observed effects of 

B+B supplementation on litter moisture contrasts with findings in previous research where 

betaine and butyrate were shown to influence factors that indirectly reduce litter moisture. 

Betaine, as an osmolyte, stabilizes cell membranes and reduces osmotic stress in gastrointestinal 

tissues, which has previously been shown to improve intestinal integrity and nutrient absorption, 

indirectly altering bird moisture output (Eklund et al., 2005; Amerah & Ravindran, 2015). 

Butyrate has been shown to improve gastrointestinal health by enhancing intestinal barrier 

integrity and reducing inflammation, which can minimize nutrient malabsorption and the 

production of wet excreta (Sizmaz et al., 2022; Zou et al., 2019). However, it is important to note 
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that while betaine and butyrate have been studied for their benefits on gastrointestinal health and 

nutrient absorption, previous research has not demonstrated that these additives directly decrease 

litter moisture. The indirect effects observed in earlier studies suggest potential, but direct 

evidence linking betaine or butyrate supplementation to reductions in litter moisture remains 

absent.  

There were no effects of dietary treatment or litter water addition for oocyst shedding at 

any of the measured periods (P > 0.05; Figure 1). Specifically, the B+B diet did not result in a 

significant difference in oocyst shedding compared to the control diet at any age interval. 

Previous research has demonstrated the potential beneficial effects of individual supplementation 

of betaine and butyrate on oocyst shedding. For instance, supplementation of 1,000 ppm betaine 

increased the recruitment of leukocytes locally in broilers inoculated with E. acervulina, 

ultimately resulting in the disappearance of sporozoites 7 d after initial inoculation (Klasing et 

al., 2002). However, broilers challenged with a mixed Eimeria species vaccine and supplemented 

with 1,000 ppm of betaine showed no effect on oocyst shedding compared to control broilers 

provided the same challenge with no supplement (Waldenstedt et al., 1999). Additionally, 

broilers supplemented with 400 ppm of butyrate significantly reduced litter oocysts compared to 

the control group at 14 d of age, while 200 and 800 ppm resulted in intermediate responses 

(Sizmaz et al., 2022). Furthermore, broilers supplemented with 4,000 ppm of butyric acid 

glycerides significantly reduced oocyst shedding when the broilers were challenged with an oral 

gavage of 1 × 104 sporulated oocysts of E. maxima at 14 d of age (Ali et al., 2014). Increased 

litter moisture has previously been observed to be positively correlated with the number of 

coccidia oocysts present in litter (Chapman and Johnson, 1992). However, in this current 
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experiment, the addition of 0, 1,000, or 2,000 mL of water per d did not significantly affect 

oocyst shedding.   

There were no significant interactions between diet and litter water addition for either 

BWG or FCRm across all time points measured (P > 0.05; Table 4). During the starter period, 

birds on the B+B diet had a decreased BWG of 211.7 g/bird compared to the 217.5 g/bird 

controls (P ≤ 0.01). This response was unexpected and lacks a biological explanation. There 

were no main effects of either water addition or feed additive treatment on FCRm (P > 0.05). 

There were no differences in BWG or FCRm observed with dietary treatment over 0-28 d and 0-

42 d. Previous research has shown inconsistent effects of butyrate on broiler performance when 

challenged with coccidia. Broilers orally gavaged with a 10 times dose of an attenuated live 

coccidiosis vaccine and supplemented with 500 ppm of butyrate did not show any improvement 

in BWG or FCR compared to broilers fed the non-supplemented control diet (Naghizadeh et al., 

2022a). In contrast, broilers raised on used litter seeded with coccidia supplemented with 400 

and 800 ppm of encapsulated butyrate increased overall BWG and improved FCRm in broilers 

(Sizmaz et al., 2022). Similarly, betaine has shown potential to improve performance in broilers 

exposed to a coccidia challenge. Betaine supplemented at 1,000 ppm to broilers orally inoculated 

with a mixture of Eimeria species resulted in a 144 g improvement in BWG and a 9-point 

improvement in FCR (Waldenstedt et al.,1999). Supplementation of natural betaine at 960 ppm 

improved FCR but not BWG in broilers gavaged with a mixed Eimeria species vaccine (Amerah 

and Ravindran, 2015). In contrast, broilers inoculated with sporulated oocysts of E. maxima and 

supplemented with 1,000 ppm of betaine did not have significant effects on the BWG of the 

broilers (Kettunen et al., 2001a).  
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The addition of water to the litter over the first 21 d altered BWG only in the first 10 d, as 

2,000 mL/d decreased BWG to 212.6 g/bird compared to 217.2 g/bird in the control with 1,000 

mL/d treatment intermediate (P = 0.03). FCRm was not affected by water addition over the first 

21 d on at any period over the growout period. This response is in agreement with previous 

research, where broilers placed on litter that received 3.8 L/m² of water on d 1, 3, and 5 

experienced a 37 g reduction in 7-d BWG compared to broilers raised on dry litter. However, this 

difference was transit and no longer evident by d 48 (Cengiz et al., 2011). Alternatively, an 

experiment investigating the effects of high litter moisture content (300 mL/m²/d – litter dry 

matter not reported) on broiler performance observed that increasing litter moisture content, 

starting at 6 d of age and continuing for five d per week until the end of the experiment, 

significantly decreased BWG, FI and water intake and increased FCR from 28 d of age onward 

(De Jong et al., 2014). The negative effects of poor litter quality became more pronounced in the 

latter stages of the experimental period, as broilers in the moisture-induced treatment exhibited 

significantly worse growth and increased FCR compared to control. In contrast, in the current 

experiment, water addition ceased at 21 d of age, reducing the litter moisture pressure on the 

system, potentially mitigating long-term performance impacts. There were no interactive effects 

between B+B addition and litter water addition observed for mortality at any time point (P > 

0.05; Table 5). The main effect of diet did not influence mortality (P = 0.99, 0.65, and 0.88 for d 

0–10, d 0–28, and d 0–42, respectively), indicating that B+B supplementation alone did not 

impact overall bird survival. However, the main effect of litter water addition tended to affect 

mortality at later stages. From d 0–10, mortality ranged from 1.8% to 3.6% but was not 

significantly different among litter water treatments (P = 0.19). By d 0–28, birds housed on litter 

with 1,000 mL/d of water added had the lowest mortality (4.6%), whereas those with 2,000 mL/d 
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exhibited the highest (7.8%; P = 0.07). This trend continued through d 0–42, where increasing 

litter moisture was associated with numerically higher mortality, with the highest mortality 

observed in birds housed on litter receiving 2,000 mL/d (10.7%; P = 0.09). The current 

experiment was not designed to demonstrate significant differences in mortality but follow up 

research in this area is warranted. 

There were no interactions between B + B addition and litter water addition on footpad 

lesions observed on d 28 and 41 (Figure 2). However, on d 28, litter water addition significantly 

increased the occurrence of footpad lesions. Broilers raised on litter without water 

supplementation resulted in a higher percentage of healthy footpad scores, while those raised on 

litter with 1000 mL/d, or 2000 mL/d of water added resulted in increased prevalence of mild 

footpad lesion scores. The main effect of B+B addition did not significantly alter footpad 

conditions on d 28, indicating that litter moisture was the primary factor influencing footpad 

health at this stage. By d 41, however, the type of diet began to show an effect, particularly in the 

severity of lesions. Broilers on the B+B diet developed severe lesions, while no severe lesions 

were observed in the control group, despite similar litter moisture levels across both dietary 

treatments. Litter water addition during the first 21 d continued to influence footpad health, with 

the highest water addition levels leading to more severe footpad lesions observed at d 41. Birds 

that received no added water to the litter maintained better footpad health, while those with 1000 

mL/d showed an increase in mild lesions. This increase in litter water addition elevated litter 

moisture content, which in turn led to the development of footpad lesions in the broilers, 

consistent with previous research (Bilgili et al., 2009; Cengiz et al., 2011; De Jong et al., 2014). 

The results from this experiment reinforce the critical role that litter moisture plays in managing 

footpad health in broiler chickens. 
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An interaction between B+B addition and litter water addition was observed in the 

duodenum histology (P = 0.02; Figure 3). Chicks fed the B+B diet with no added water or with 

1,000 mL of water added daily exhibited lower villus height (VH) compared to those fed the 

control diet with no added water, which had the greatest VH at 1,981 µm. Interestingly, the VH 

for chicks on the control or B+B diets with 2,000 mL/d of water added were intermediate. The 

biological basis for this interaction is unclear, as water addition at 1,000 mL/d appeared to have a 

more pronounced effect on VH than the highest water level. Given the lack of a clear dose-

response pattern, this interaction may be a statistical anomaly rather than a biologically 

meaningful effect. While higher litter moisture is often a consequence of disease, leading to 

increased fecal moisture and diarrhea, it is also influenced by poor management practices such as 

inadequate ventilation or excessive water spillage (Chapman and Johnson, 1992). In the current 

study, controlled water addition to the litter influenced footpad health and villus morphology, 

demonstrating how external factors beyond disease status can alter intestinal integrity and overall 

broiler performance. The observed differences in VH in the duodenum, but not in the jejunum (P 

> 0.05; Table 6), underscore the importance of localized responses within the gastrointestinal 

tract. Previous research has highlighted that betaine can improve intestinal morphology by 

enhancing VH/CD ratios in both healthy and parasite-challenged birds, though these effects are 

inconsistent and dependent on the form of betaine and environmental conditions (Kettunen et al., 

2001b; Amerah and Ravindran, 2015). Similarly, butyrate supplementation has shown variable 

effects on gastrointestinal morphology, with some studies noting improvements at higher doses 

(Hu and Guo, 2007; Liu et al., 2019). Overall, litter moisture is one of many factors that should 

be considered in efforts to optimize gastrointestinal health and performance in broilers. 
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There were no interactions between diet and litter water addition for AIDe, AIDdm, or 

AIDf (P > 0.05; Table 7). The B+B diet increased AIDe and AIDdm compared to the control diet 

(P = 0.01 and P = 0.04, respectively), with no effects on AIDf (P = 0.55). Specifically, B+B 

resulted in increased AIDe (77.6% vs. 74.6%) and AIDdm (73.9% vs. 70.7%) compared to the 

control. Moisture levels from added water did not affect AIDe, AIDdm, or AIDf. These findings 

suggest that the combination of betaine and butyrate can increase apparent ileal nutrient 

digestibility, particularly for energy and DM, independent of environmental moisture conditions. 

Previous research has shown that the supplementation of betaine at 960 ppm may increase the 

digestibility of DM, nitrogen, energy, fat, and amino acids in coccidia-challenged birds and 

increased starch digestibility regardless of the coccidia challenge (Amerah and Ravindran, 

2015). Furthermore, in non-challenged broilers, supplementation of 1,200 ppm of betaine 

increased nitrogen digestibility and tended to improve dry matter and energy digestibility (Park 

and Kim, 2019). Supplementation of 500 and 1,000 ppm of sodium butyrate increased ileal 

energy digestibility in non-challenged broilers (Liu et al., 2017). Moreover, supplementation of 

300 ppm of calcium butyrate increased total tract crude fat digestibility and ileal crude protein 

digestibility (Kaczmarek et al., 2016).  

Treatment of the diet with B+B or litter water addition had no effect on intestinal 

permeability as indicated by FITC-d analysis (P > 0.05; Table 7). Broilers challenged with 

coccidiosis have shown to have increased intestinal permeability and decrease intestinal integrity 

(Santos et al., 2020). As mentioned previously, Chapman and Johnson (1992) observed that 

increased litter moisture is positively correlated with the number of coccidia oocysts present 

within the litter. However, increased litter moisture has not been reported to have a direct effect 

on intestinal permeability or intestinal integrity. Betaine has not been associated with alterations 
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of intestinal permeability during a coccidial challenge. Supplementation of 1,000 ppm betaine to 

heat stressed broilers resulted in mixed responses in intestinal permeability when measured by 

trans-epithelial electrical resistance (Shakeri et al., 2018; Shakeri et al., 2020). Butyrate had 

similar inconsistent effects on intestinal permeability from disease or dietary insult challenge 

(Zou et al., 2019; Naghizadeh et al., 2022b).  

No significant differences among treatments were observed for any of the gene 

expression parameters (P > 0.05; Table 8). The main effect of diet approached significance for 

AvBD10 expression (P = 0.06), with higher expression levels in chicks on the B+B diet 

compared to the control diet (1.74 vs. 0.84-fold change, respectively). However, no other 

significant main effects of diet or water added were noted for the expression of tight junction 

proteins, host defense peptides, or inflammatory cytokines. Previous research has explored the 

effects of betaine and butyrate on these gene expression parameters under various conditions 

with mixed results (Song et al., 2017; Alhotan et al., 2021; Hansen et al., 2021).  

 

CONCLUSIONS AND APPLICATIONS 

 

1. Both the 1000 mL/d and 2000 mL/d water additions, as well as the B+B diet, decreased 

BWG during the starter phase. However, these initial reductions in growth did not persist 

into later growth stages. Overall BWG and FCRm from d 0 to 42 were not altered. 

2. Higher levels of water addition led to more severe footpad lesions, confirming that 

increased litter moisture negatively impacts footpad health in broilers. 

3. Supplementation of betaine and butyrate increased apparent ileal digestibility of energy 

and dry matter regardless of litter moisture content. 
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4. Neither the B+B diet nor water addition significantly influenced intestinal permeability, 

gene expression, or oocyst shedding. 
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Table 1. Formulation and nutrient composition of experimental diets fed to broiler chickens 

raised on used litter with different water additions and supplemented with a combination of 

betaine and butyrate.1 

1 Treatment diets were obtained by supplementing Ultramix C at 0.211% to provide 500 ppm of 

butyrate and Excential BetaKey at 0.068% to provide 500 ppm of betaine.  
2 Vitamin and mineral premix: Provided per kg of diet: vitamin A – 9,900 IU; vitamin D3 – 

3,300 ICU; vitamin E – 13 IU; vitamin B12 – 0.01 mg; vitamin B2 – 5.8 mg; menadione – 0.5 

mg; choline – 265 mg; selenium – 0.30 mg; iodine – 0.7 mg; thiamine HCl – 0.5 mg; 

niacinamide – 30 mg; pantothenic acid – 8.2 mg; Fe - 50 mg; Zn – 60 mg; Cu – 7 mg; Mn - 125 

mg. 
3 Titanium Dioxide was added as an inert marker for digestibility determination.   
4 Phytase was formulated to provide 0.10% Ca and nonphytate phosphorus, Quantum BLUE 5 G, 

AB Vista, Marlborough, UK. 
5 Values in parenthesis are analyzed values for complete diets. 

Ingredient 
Starter  

(0-10 d) 

Grower  

(10-28 d) 

Finisher  

(28-42 d) 

 ______________________________ (%) ________________________________ 

Corn 61.62 67.17 68.23 

Soybean meal (48% CP) 28.38 24.56 20.67 

Poultry by-product meal 2.51 3.00 3.00 

Dried distillers’ grains with solubles 3.00 0.69 4.00 

Soy oil 0.48 0.77 1.31 

Salt (sodium chloride) 0.19 0.20 0.19 

Sodium Bicarbonate 0.25 0.25 0.25 

DL-Methionine (99%) 0.30 0.27 0.23 

L-Lysine•HCl (78.5%)  0.26 0.22 0.21 

L-Threonine (99%) 0.06 0.04 0.02 

Limestone 1.23 0.90 0.92 

Monocalcium phosphate   0.95 0.86 0.22 

Choline chloride (60%) 0.10 0.10 0.10 

Vitamin and mineral premix2 0.38 0.38 0.38 

Titanium dioxide3 0.00 0.30 0.00 

Phytase4 0.01 0.01 0.01 
    

Nutrient Composition5 ________________________ (%) __________________________ 

Crude protein 21.7 (20.6) 19.8 (21.6) 18.8 (17.0) 

Metabolizable energy (kcal/kg) 2975 3050 3100 

Calcium 0.90 0.75 0.65 

Non-phytate phosphorus 0.45 0.42 0.30 

Crude fat 3.89 (2.99) 4.19 (3.64) 4.99 (4.20) 

Crude fiber 2.67 (2.86) 2.55 (2.45) 2.67 (2.61) 

Digestible methionine + cysteine 0.90 0.83 0.77 

Digestible lysine 1.19 1.06 0.97 

Digestible threonine 0.79 0.71 0.65 
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Table 2. Sequence of primers for gene expression using real-time PCR  

1 Primers′ sequence obtained from Jia et al., 2023. 

2 Primers′ sequence obtained from Garcia et al., 2021. 

3 Primers′ sequence obtained from Kinstler, 2023.

Gene 
GenBank accession 

number 

Amplicon 

Size (bp) 
Forward/Reverse primers (5’3’) 

CLDN11 NM_001013611.2 115 
TGGAGGATGACCAGGTGAAGA/ 

CGAGCCACTCTGTTGCCATA 

JAMA1 NM_001083366.1 90 
GAAAACCAACCCGTGGACAT/ 

GGAAGAGCCCTTCTGGAACTT 

AvBD102 NM_001001609.2 64 
CAGACCCACTTTTCCCTGACA/ 

CCCAGCACGGCAGAAATT 

AvBD112 NM 001001779.1 56 
GGTACTGCATCCGTTCCAAAG/ 

GCATGTTCCAAATGCAGCAA 

MyD883 NM_001030962.5 64 
GGATGTCTTGCCAGGAACGT/ 

CCGACACCTTCTTTCTATGAGTTCT 

LITAF3 NM_204267.2 62 
CCCCTACCCTGTCCCACAA/ 

ACTGCGGAGGGTTCATTCC 
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Table 3. Main effects of the combination betaine and butyrate supplemented to Ross 708 male 

chicks raised on used litter with different water additions over the first 21 d on litter moisture 

over the growth out cycle.1    

Diet2 Water 

Added3 

Litter Moisture 

D8 D14 D21 D29 D35 D41 

 (mL/d) ________________________________ (%) _________________________________ 

   

Control ----- 33.9  42.2  46.9  40.2  37.0  35.3  

B+B ----- 34.0 41.8  46.7  39.0  37.1  35.3  

        

Pooled SEM4  N/A4 N/A N/A N/A N/A N/A 

        

---- 0  21.0c 32.5c 27.4c 31.5b 32.6b 32.3 

---- 1,000  35.8b 41.2b 53.4b 43.1a 39.6a 37.9 

---- 2,000  45.0a 52.3a 59.6a 44.3a 38.9a 35.5 

        

Pooled SEM4  N/A N/A N/A N/A N/A N/A 

        

P-value        

Diet  0.96 0.82 0.94 0.52 0.99 0.95 

Water Added  ≤ 0.01 ≤ 0.01 ≤ 0.01 ≤ 0.01 0.03 0.07 

Diet x Water Added 0.93 0.81 0.07 0.93 0.93 0.65 
1 Each treatment consisted of 12 replicate pens. Average litter moisture % at D0 was 10.2 % (P-

value = 0.78; SEM = N/A). 
2 Control = nontreated diet; Betaine + Butyrate = diet with 500 ppm of betaine and 500 ppm of 

butyrate.  
3 Water Added = 0 = 0 mL of water/d; 1,000 = 1,000 mL of water /d, or 2,000 = 2,000 mL of 

water /d added to the litter for the first 21 d of the experiment. 
4 Percentage data were arcsine transformed before analysis. 
a-c Columns without a common superscript are different (P ≤ 0.05). 
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 Table 4. Main effects of the combination betaine and butyrate on Ross 708 male chicks raised 

on used litter with different water additions over the first 21 d on BW gain (BWG) and mortality 

corrected FCR (FCRm) of 0 to 42 d-old broiler chickens.1 

1 Each treatment consisted of 12 replicate pens of 32 birds. Average initial body weight = 42.5 g 

per chick (P = 0.72, SEM = 0.21). 
2 Control = nontreated diet; Betaine + Butyrate = diet with 500 ppm of betaine and 500 ppm of 

butyrate.  
3 Water Added = 0 = 0 mL of water/d; 1,000 = 1,000 mL of water /d, or 2,000 = 2,000 mL of 

water /d added to the litter for the first 21 d of the experiment. 
a-b Columns without a common superscript are different (P ≤ 0.05). 

Diet2 Water 

Added3 

BWG FCRm BWG FCRm BWG FCRm 

d 0-10 d 0-28 d 0-42 

 (mL/d) (g/bird) (g/g) (g/bird) (g/g) (g/bird) (g/g) 

        

Control ----- 217.5a 1.156 1608.5 1.306 3096 1.491 

B+B ----- 211.7b 1.184 1581.8 1.311 3081 1.479 

        

Pooled SEM  0.99 0.014 13.1 0.005 29.7 0.008 

        

---- 0  217.2a 1.158 1590.8 1.302 3050 1.495 

---- 1,000  214.1ab 1.175 1614.2 1.307 3115 1.479 

---- 2,000  212.6b 1.178 1580.4 1.316 3102 1.481 

        

Pooled SEM  1.22 0.017 16.1 0.006 36.3 0.010 

        

P-value        

Diet  ≤ 0.01 0.15 0.16 0.49 0.72 0.31 

Water Added  0.03 0.68 0.32 0.27 0.41 0.48 

Diet x Water Added 0.37 0.85 0.47 0.24 0.47 0.25 
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Table 5. Effects of the combination betaine and butyrate on Ross 708 male chicks raised on used 

litter with different water additions over the first 21 d on mortality of 0 to 42 d-old broiler 

chickens.1 

1 Each treatment consisted of 12 replicate pens of 32 birds. Average initial body weight = 42.5 g 

per chick (P = 0.72, SEM = 0.21). 
2 Control = nontreated diet; Betaine + Butyrate = diet with 500 ppm of betaine and 500 ppm of 

butyrate.  
3 Water Added = 0 = 0 mL of water/d; 1,000 = 1,000 mL of water /d, or 2,000 = 2,000 mL of 

water /d added to the litter for the first 21 d of the experiment. 

Diet2 Water Added3 
Mortality 

d 0-10 d 0-28 d 0-42 

 (mL/d) ___________________(%)___________________ 

   

Control ----- 2.7 6.7 8.8 

B+B ----- 2.7 6.2 8.9 

     

Pooled SEM  0.46 0.8 0.8 

     

---- 0  2.5 6.9 8.2 

---- 1,000  2.1 4.6 7.7 

---- 2,000  3.5 7.8 10.7 

     

Pooled SEM  0.56 1.0 1.0 

     

Control 0  2.3 8.1 8.6 

B+B 0  2.6 5.7 7.8 

Control 1,000  2.3 4.4 8.1 

B+B 1,000  1.8 4.7 7.3 

Control 2,000  3.4 7.6 9.6 

B+B 2,000  3.6 8.1 11.7 

     

Pooled SEM  0.8 1.4 1.4 

     

P-value     

Diet  0.99 0.65 0.88 

Water Added  0.19 0.07 0.09 

Diet x Water Added 0.85 0.54 0.52 
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Table 6. Main effects of the combination betaine and butyrate on Ross 708 male chicks raised on 

used litter with different water additions over the first 21 d on duodenum and jejunum 

morphology on d 17. 1 

1 Each treatment consisted of 12 replicate pens.  
2 Control = nontreated diet; Betaine + Butyrate = diet with 500 ppm of betaine and 500 ppm of 

butyrate.  
3 Water Added = 0 = 0 mL of water/d; 1,000 = 1,000 mL of water /d, or 2,000 = 2,000 mL of 

water /d added to the litter for the first 21 d of the experiment. 
a-c Columns without a common superscript are different (P ≤ 0.05). 

Diet2 
Water 

Added3 

Duodenum Jejunum 

VH CD VH/CD VH CD VH/CD 

 (mL/d) (m) (m) (m/m) (m) (m) (m/m) 

        

Control ----- 1879 209 9.6 1207 185 6.6 

B+B ----- 1833 205 9.3 1260 191 6.2 

        

Pooled SEM  25 12.7 0.54 31 6.6 0.23 

        

---- 0  1884 211 9.6 1140 187 6.2 

---- 1,000  1763 185 9.8 1216 186 6.6 

---- 2,000  1922 226 9.0 1195 191 6.3 

        

Pooled SEM  30 15.5 0.66 38 8.1 0.28 

        

P-value        

Diet  0.20 0.85 0.65 0.28 0.48 0.17 

Water Added  ≤ 0.01 0.18 0.67 0.36 0.89 0.53 

Diet x Water Added  0.02 0.61 0.99 0.55 0.99 0.64 
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Table 7. Main effects of the combination betaine and butyrate on Ross 708 male chicks raised on 

used litter with different water additions over the first 21 d on apparent ileal digestibility, and 

intestinal permeability (FITC-d). 1 

1 Each treatment consisted of 12 replicate pens.  
2 Control = nontreated diet; Betaine + Butyrate = diet with 500 ppm of betaine and 500 ppm of 

butyrate.  
3 Water Added = 0 = 0 mL of water/d; 1,000 = 1,000 mL of water /d, or 2,000 = 2,000 mL of 

water /d added to the litter for the first 21 d of the experiment. 
4 AIDe = Apparent ileal digestibility of energy 
5 AIDdm = Apparent ileal digestibility of DM 
6 AIDf = Apparent ileal digestibility of crude fat 
7 Percentage data were arcsine transformed before analysis for normality. 
a-c Columns without a common superscript are different (P ≤ 0.05). 

Diet2 
Water 

Added3 

AIDe4 AIDdm5 AIDf6 FITC-d 

d 17 d 18 

 (mL/d) ___________________(%)___________________ (ng/mL) 

    

Control ----- 74.6b 70.7b 85.9 171 

B+B ----- 77.6a 73.9a 86.7 171 

      

Pooled SEM  N/A7 N/A N/A 0.98 

      

----- 0 76.3 72.2 86.6 170 

----- 1,000 75.3 71.5 85.2 171 

----- 2,000 76.6 73.1 87.3 171 

      

Pooled SEM  N/A N/A N/A 1.20 

      

P-value      

Diet  0.01 0.04 0.55 0.97 

Water Added  0.68 0.71 0.49 0.66 

Diet x Water Added 0.15 0.27 0.27 0.33 
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 Table 8. Main effects of the combination betaine and butyrate on Ross 708 male chicks raised 

on used litter with different water additions over the first 21 d on gene expression of tight 

junction proteins, host defense peptides, and inflammatory cytokines in the duodenum at d 17.1    

1 Each treatment consisted of 12 replicate pens.  
2 Control = nontreated diet; Betaine + Butyrate = diet with 500 ppm of betaine and 500 ppm of 

butyrate.  
3 Water Added = 0 = 0 mL of water/d; 1,000 = 1,000 mL of water /d, or 2,000 = 2,000 mL of 

water /d added to the litter for the first 21 d of the experiment. 
4 Tight Junction Proteins = CLDN-1, Claudin-1; JAMA, junctional adhesion molecule A. 
5 Host Defense Peptides = AvBD10, Avian β-defensin 10; AvBD11, Avian β-defensin 11, 

AvBD11. 
6 Inflammation Markers MyD88, Myeloid differentiation primary response protein 88; LITAF 

lipopolysaccharide-induced TNF-alpha factor. 
7 The control samples were used as the calibrator for calculating fold change. 
8 The fold change values for qPCR were logarithmically transformed to conform to normality. 

  

Diet2 
Water 

Added3 

Tight Junction 

Proteins4 

Host Defense 

Peptides5 

Inflammation 

Markers6 

CLDN-1 JAMA AvBD10 AvBD11 MyD88 LITAF 

 (mL/d) __________________________ (Fold change)7______________________________ 

   

Control ----- 1.47 1.16 0.84 2.13 1.34 1.33 

B+B ----- 0.86 1.68 1.74 1.56 1.43 1.90 

        

Pooled SEM  0.44 0.40 0.50 0.89 0.46 0.49 

        

---- 0 1.01 1.33 1.33 1.84 0.89 1.26 

---- 1,000 1.57 1.01 1.80 2.11 1.59 1.85 

---- 2,000 0.92 1.93 0.74 1.59 1.69 1.73 

        

Pooled SEM  0.53 0.49 0.59 1.09 0.56 0.60 

        

P-value8        

Diet  0.72 0.93 0.06 0.41 0.66 0.79 

Water Added  0.85 0.79 0.99 0.78 0.56 0.66 

Diet x Water Added 0.35 0.93 0.97 0.43 0.77 0.57 
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Figure 1. Interaction of the combination of betaine and butyrate on oocyst shedding in Ross 708 

male chicks raised on used litter with different water additions over the first 21 d. Oocyst 

shedding was measured from 5–7, 11–13, 17–19, and 22–24 d of age. C + 0 = control diet with 0 

mL of water added/d; B+B + 0 = diet with 500 ppm of betaine and 500 ppm of butyrate and 0 

mL of water added/d; C + 1,000 = control diet with 1,000 mL of water added/d; B+B + 1,000 = 

diet with 500 ppm of betaine and 500 ppm of butyrate and 1,000 mL of water added/d; C + 2,000 

= control diet with 2,000 mL of water added/d; B+B + 2,000 = diet with 500 ppm of betaine and 

500 ppm of butyrate and 2,000 mL of water added/d. The p-values reported are the ANOVA 

values for each respective time period.  

P = 0.13 

P = 0.78 

P = 0.39 

P = 0.73 
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Figure 2. Main effects of the combination betaine and butyrate on Ross 708 male chicks raised 

on used litter with different water additions over the first 21 d on footpad lesions at d 28 and 41. 

Control = nontreated diet; Betaine + Butyrate = diet with 500 ppm of betaine and 500 ppm of 

butyrate. Litter Water Added = 0 = 0 mL of water/d; 1,000 = 1,000 mL of water /d, or 2,000 = 

2,000 mL of water /d added to the litter for the first 21 d of the experiment. Calculated as the 

number of foot pad pairs scored per category (0-4) and dividing by total number of pairs scored 

multiplied by 100. 
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Figure 3. Interaction effects of the combination betaine and butyrate on Ross 708 male chicks 

raised on used litter with different water additions over the first 21 d on duodenum villus height 

on d 17. C + 0 = control diet with 0 mL of water added/d; B+B + 0 = diet with 500 ppm of 

betaine and 500 ppm of butyrate and 0 mL of water added/d; C + 1,000 = control diet with 1,000 

mL of water added/d; B+B + 1,000 = diet with 500 ppm of betaine and 500 ppm of butyrate and 

1,000 mL of water added/d; C + 2,000 = control diet with 2,000 mL of water added/d; B+B + 

2,000 = diet with 500 ppm of betaine and 500 ppm of butyrate and 2,000 mL of water added/d. a-

b Columns without a common superscript are different (P ≤ 0.05). 
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SUMMARY 

 

Controlling moisture levels in broiler litter is a critical aspect of litter management, as 

excessive moisture fosters pathogen growth and increases ammonia levels, resulting in decreased 

bird welfare, health and increasing the likelihood of disease outbreak. Although the importance 

of litter management and moisture content is known, quantification of litter moisture is complex 

and time consuming limiting real time application. Therefore, litter dry matter quantified via 

drying oven was correlated with Near-Infrared (NIR) spectroscopy to generate and validate a 

real-time tool for monitoring litter moisture content in broiler production. Data from five 

independent experiments totaling 1,455 litter samples was used to generate predictive models for 

litter moisture quantification. Calibration models excluding unwanted variations in the spectral 

data demonstrated improved accuracy within the calibration, with enhanced R-square (RSQ) and 

reduced Standard Error of Prediction (SEP) values. The results suggest that NIR spectroscopy 

may potentially serve as a component of smart farming systems, enabling real-time litter and 

broiler management. 

 

DESCRIPTION OF PROBLEM 

 

Maintaining optimal poultry litter quality has been recognized as a cornerstone for 

maintaining broiler welfare, health and efficiency. High litter moisture fosters pathogen 

proliferation and ammonia emissions, creating adverse environmental conditions that 

compromise bird welfare, respiratory health, and overall production efficiency. Moist poultry 

litter provides an ideal environment for microbial proliferation, leading to increased pathogen 
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loads and potential health risks for poultry. Previous research has shown that wet litter contains 

greater bacterial diversity, with most of the bacterial population spread across 214 different 

species, compared to just 50 different species in dry litter (Dumas et al., 2011). This expanded 

microbial diversity in wet litter includes potentially pathogenic bacteria, such as Arcobacter 

species, which were detected exclusively in wet litter samples and are associated with both 

poultry and human infections. In addition to microbial risks, excessive litter moisture accelerates 

ammonia volatilization, leading to high atmospheric ammonia concentrations in poultry houses 

(Ritz et al., 2004). Furthermore, increased disease pressure in high-moisture environments often 

necessitates greater antibiotic use, counteracting the poultry industry’s efforts to reduce antibiotic 

reliance and mitigate antimicrobial resistance (Lister, 2009; Collett, 2012) 

Litter moisture is influenced by a range of factors, including seasonality, ventilation 

practices, stocking density, and diet composition. For instance, reduced ventilation during cooler 

months may worsen litter moisture issues (McIlroy et al., 1987; De Jong et al., 2012) Increasing 

the stocking density from 30 to 45 kg of body weight per square meter resulted in a linear 

increase in litter moisture content (Dozier et al., 2005). This elevated litter moisture was 

associated with a increased incidence of footpad lesions (P = 0.001), indicating a direct 

relationship between stocking density and litter quality. Nutritional factors, such as diets with 

increased non-starch polysaccharides, may decrease water absorption, further contributing to wet 

litter (Bedford, 1996). Non-starch polysaccharides, such as those found in wheat, barley, and rye, 

increase intestinal viscosity, reducing nutrient digestibility and water retention in the 

gastrointestinal tract (Lázaro et al., 2003). This increased viscosity can lead to reduced water 

absorption in the intestines, resulting in higher excreta moisture content, which exacerbates litter 

wetness and promotes microbial growth (Hetland et al., 2004). Enteric diseases like coccidiosis 
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intensify litter moisture by increasing diarrhea and nutrient malabsorption, creating an ideal 

environment for pathogen proliferation (Stayer et al., 1995; Williams, 1998). 

Traditional methods for monitoring litter quality, such as oven drying, are accurate but 

impractical for frequent, real-time farm use. Litter scoring, a commonly used alternative, 

provides a rapid visual assessment of litter condition but is subjective and lacks quantitative 

precision. Variability among observers and environmental factors can introduce inconsistency, 

making it less reliable for precise litter moisture management. Advanced technologies, including 

Near-Infrared (NIR) spectroscopy, offer rapid, non-invasive solutions for monitoring litter 

moisture content, enabling management interventions in real time. Therefore, the objective of the 

current experiment was to develop NIR spectroscopy as a real-time tool to monitor poultry litter 

moisture by generating and validating the relationship of the NIR spectrum of poultry litter and 

the actual dry matter as determined by oven drying. 

 

MATERIALS AND METHODS 

 

Sample Collection and Spectral Data Acquisition 

 

A total of 1,455 poultry litter samples were collected from five independent experiments 

(Table 1). A single handful of litter was collected from the center of each pen and the center of 

four quadrants spaced equally within the pen and combined into a common sample. This sample 

was then mixed in a bucket. Each fresh sample was scanned five times using a linear filter NIR 

spectrometer (Viavi Solutions Inc., Chandler, AZ). Samples were placed in glass Petri dishes for 

scanning. All near infrared spectra were collected at wavelengths between 950 and 1,650 nm 
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registering absorbance values log (1/R) (where r = reflectance) at 12.5 nm interval for each 

sample. After being scanned the samples were placed into a WHIRL-PAK bag on ice. Samples 

were stored in the freezer at -20°C until further analysis. Samples from the WHIRL-PAK bags 

were then split into duplicate samples, weighed, and oven-dried at 100°C for 24 h and reweighed 

dry. The wet and dry sample weights were used to determine litter moisture content by the 

following equation: 

Moisture Content (%) = ((Wet Weight − Dry Weight) / Wet Weight) × 100 

To improve data quality, the spectra were preprocessed using Standard Normal Variate 

(SNV) and Detrend (1,4,4,1) to correct for baseline shifts and remove unwanted variations. 

Spectral disturbances were detected in two of the five trials, potentially caused by hardware or 

environmental factors, which influenced the development of calibration models. 

 

Model Development 

 

Calibrations were developed using Principle Component Analysis principles in WinISI v. 4.8 

software (Foss, Denmark). The math treatment used Standard Normal Variation and Detrend, 1st 

derivative, Gap 8, and Smooth 8. The outliers were based on spectral comparison (GH and NH) 

followed by T value. The standard error of calibration (SEC) and the Rsquare (RSQ) were 

calculated to evaluate the performance of the calibration. The dataset was divided into calibration 

(85%) and validation (15%) sets. Three predictive models were developed: 

1. Full Calibration Model: This model included all five trials to evaluate the general 

predictive capacity of NIR spectroscopy for litter moisture content. 
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2. Reduced Calibration Model: This model excluded data from the two trials that increased 

amounts of spectral disturbances (Experiments 1 and 2) to assess the impact of the 

unwanted variable data on model accuracy. 

3. Wavelength Specific Model: To further refine moisture predictions, models were also 

developed using only the spectral regions corresponding to water absorption (970 nm and 

1450 nm) to enhance the sensitivity of moisture detection. 

 

RESULTS AND DISCUSSION  

 

The full calibration model, which incorporated data from all trials, achieved moderate 

predictive accuracy for moisture, with a validation statistic RSQ value of 0.632 (Table 2 and 

Figure 2). However, the Standard Error of Prediction (SEP) remained higher than ideal, 

reflecting the challenges of capturing consistent spectral data across diverse conditions. This 

result underscores the inherent variability in litter composition, influenced by factors such as 

dietary inputs, environmental conditions, and disease challenges (Bedford, 1996; Dunlop et al., 

2016). While the model provides a functional baseline for real-time litter monitoring, its 

limitations highlight the need for further refinement to improve predictive accuracy in real-world 

environments that can have unwanted variations in spectral data. 

Excluding data from the two trials (Figure 1A and Figure 1B) that had spectral 

disturbances, significantly improved the model's performance in the validation statistics of the 

model (Table 3 and Figure 3). The RSQ for moisture predictions increased to 0.736, and SEP 

values decreased, indicating enhanced reliability. Principal Component Analysis plots confirmed 

the absence of outliers, demonstrating the importance of data quality in achieving accurate 
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predictions. The improved performance of the reduced model highlights the potential of NIR 

spectroscopy to deliver actionable insights when data variation is effectively managed, an 

essential consideration for its application in smart farming systems. This aligns with previous 

research that proper data preprocessing and the exclusion of outliers enhance the precision of 

predictive models (Lartey et al., 2024). Effective data variation management potentially could 

allow producers to monitor litter conditions more accurately, prompting timely interventions 

such as adjusting ventilation rates, improving drinker management, or replacing bedding 

material, all of which contribute to maintaining optimal litter conditions and reducing disease 

risks (McIlroy et al., 1987; Shepard and Fairchild, 2010). 

When the spectral analysis was limited to water-sensitive wavelengths (970 nm and 1450 

nm), no significant improvement was observed in litter moisture predictive performance (Table 4 

and Figure 4). This suggests that broader spectral coverage is necessary to capture the 

complexity of poultry litter composition, which is influenced by a variety of factors, including 

feed composition, non-starch polysaccharides, and microbial activity (Bedford, 1996; Collett, 

2012). These results support the continued use of full-spectrum analysis to ensure comprehensive 

and accurate monitoring of litter conditions. 

The results demonstrate the possibility of integrating NIR spectroscopy into broiler 

production systems to address key challenges associated with litter management. Wet litter 

conditions are a multifaceted issue, driven by poor ventilation, increased stocking densities, and 

dietary imbalances, which collectively could increase risks such as coccidiosis and necrotic 

enteritis (Stayer et al., 1995; Williams, 1998). Coccidial infections, in particular, increase litter 

moisture through diarrhea and nutrient malabsorption, further promoting pathogen proliferation 

and ammonia emissions (Williams, 1998; Blake et al., 2020). Real-time NIR monitoring offers a 
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proactive approach to mitigating these risks by enabling immediate corrective actions, such as 

increasing ventilation or altering litter management practices, before conditions reach critical 

thresholds. 

The integration of NIR spectroscopy with automated farm management tools could 

significantly enhance the efficiency of real-time monitoring and intervention strategies. For 

instance, coupling NIR systems with automated ventilation controls or moisture-reducing 

technologies would allow for dynamic adjustments to environmental conditions, ensuring 

optimal litter quality at all times (Dunlop et al., 2016). By maintaining dry litter, producers may 

reduce the prevalence of diseases such as coccidiosis, improve bird welfare and health. 

 

CONCLUSIONS AND APPLICATIONS 

 

1. NIR spectroscopy has the potential to serve as a real-time tool for monitoring poultry 

litter moisture, which could improve litter management, bird welfare, and reduce disease 

risk. 

2. The technology demonstrated reliability when external disturbances were minimized, 

highlighting the importance of full-spectrum analysis for accurate predictions. 

3. Further advancements in hardware, data preprocessing, and spectral disturbance 

management are necessary to improve the robustness and practicality of NIR 

spectroscopy for commercial application. 

4. For NIR spectroscopy to become a viable on-farm tool, refinements are needed to ensure 

consistent performance under diverse commercial conditions. 
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Table 1. Summary of poultry litter sample distribution by experiment number, species, bird  

age, and total samples taken from each experiment. 

  

Experiment # Species Bird Age  Total # litter samples  

1 Broiler d0, d7, d14, d21, d29 321  

2 Broiler d35, d41 133  

3 Turkey d20, d40 144  

4 Broiler d8, d15, d21, d29, d35, d41 425  

5 Broiler d7, d14, d21, d29, d35, d41 432  



 172 

Table 2. Validation statistics of full calibration model. 

Number 

of 

Samples1 

SEC2 SEP3 RSQ4 Predicted 

Average 

Actual 

Average 

Predicted 

SD 

Actual 

SD 

219 6.647 6.645 0.632 33.77 33.811 9.296 10.929 

1 Number of samples used to validate the calibration model.  
2 SEC = Standard error of calibration 
3 SEP = Standard error of prediction  
4 RSQ = Rsquare   
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Table 3. Validation statistics of reduced calibration model. 

Number 

of 

Samples1 

SEC2 SEP3 RSQ4 Predicted 

Average 

Actual 

Average 

Predicted 

SD 

Actual 

SD 

128 5.705 5.772 0.736 33.133 32.703 10.558 11.063 

1 Number of samples used to validate the calibration model.  
2 SEC = Standard error of calibration 
3 SEP = Standard error of prediction  
4 RSQ = Rsquare   
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Table 4. Validation statistics of wavelength specific model.  

Number 

of 

Samples1 

SEC2 SEP3 RSQ4 
Predicted 

Average 

Actual 

Average 

Predicted 

SD 

Actual 

SD 

128 5.933 6.017 0.724 33.116 32.709 10.478 11.249 

1 Number of samples used to validate the calibration model.  
2 SEC = Standard error of calibration 
3 SEP = Standard error of prediction  
4 RSQ = Rsquare   
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Figure 1. Litter Samples – Plots of the spectra with the SNV + Detrend 1,4,4,1 pretreatment 

applied. A = Spectral Data from experiment 1. B = Spectral Data from experiment 2. C = 

Spectral Data from experiment 3. D = Spectral Data from experiment 4. E = Spectral Data from 

experiment 5.  
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Figure 2. Plot of the validation samples for the full calibration model. The plot represents the 

predicted moisture values (x-axis) against the actual laboratory-determined moisture values (y-

axis) for the validation dataset. The green diagonal line is the 45-degree reference line, indicating 

perfect agreement between predicted and actual values. The blue regression line represents the 

trend between predicted and observed values, with two control limits (blue lines) outlining the 

prediction confidence interval.   
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Figure 3. Plot of the validation samples for the reduced calibration model. The plot represents the 

predicted moisture values (x-axis) against the actual laboratory-determined moisture values (y-

axis) for the validation dataset. Green dots indicate selected validation samples, while red dots 

represent deselected samples. The green diagonal line is the 45-degree reference line, indicating 

perfect agreement between predicted and actual values. The blue regression line represents the 

trend between predicted and observed values, with two control limits (blue lines) outlining the 

prediction confidence interval.   
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Figure 4. Plot of the validation samples for the limited range model. The plot represents the 

predicted moisture values (x-axis) against the actual laboratory-determined moisture values (y-

axis) for the validation dataset. Green dots indicate selected validation samples, while red dots 

represent deselected samples. The green diagonal line is the 45-degree reference line, indicating 

perfect agreement between predicted and actual values. The blue regression line represents the 

trend between predicted and observed values, with two control limits (blue lines) outlining the 

prediction confidence interval. 
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CHAPTER 8: 

 

Conclusions and Implications 

 

The objective of this dissertation was to investigate the potential of essential oils, benzoic 

acid, butyrate, and betaine as alternative feed additives to alleviate coccidiosis in broilers without 

the use of antibiotics. The hypothesis was that the combined use of these additives would 

synergistically increase broiler performance, decrease the severity of coccidiosis, and improve 

gastrointestinal health by modulating the gastrointestinal microbiota, increasing nutrient 

digestibility, and strengthening the intestinal barrier. This research aimed to provide valuable 

insights into how these feed additives can be effectively integrated into poultry production 

systems to decrease reliance on antibiotics and anticoccidials while maintaining high standards 

of broiler health and productivity. 

The removal of antibiotics and anticoccidials from broiler production cannot be 

effectively replaced by a single feed additive. Instead, the evidence strongly supports the use of 

combinations of feed additives, each contributing unique benefits to mitigate the effects of 

coccidiosis and improve overall broiler health. Garlic, cinnamaldehyde, betaine, butyrate, and 

benzoic acid have shown potential to improve gastrointestinal health, modulate immune 

response, and improve broiler performance, though their effectiveness can vary based on factors 

such as additive form, dosage, administration method, and environmental conditions (Józefiak et 

al., 2010; Kim et al., 2013; Amerah and Ravindran, 2015; Yang et al., 2015; Polycarpo et al., 

2017; Sizmaz et al., 2022). Combining feed additives with antimicrobial, anti-inflammatory, and 

immune-modulating properties may create synergistic effects, providing a broader spectrum of 

activity against pathogens and promoting growth and feed efficiency even under stress 
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conditions (Abd El-Hack et al., 2022). The combination of essential oils and betaine improved 

BWG and FCRm, alongside reduced oocyst shedding. These results highlight the potential of 

combining additives with antimicrobial and osmoprotective properties to ameliorate the effects 

of coccidiosis. Similarly, the benefits of butyrate were most pronounced during the starter phase, 

and its role in increasing nutrient digestibility underscores its importance as part of a combined 

strategy. Enteric-released benzoic acid improved BWG, FCRm, and gastrointestinal morphology, 

reinforcing its potential as a complementary additive. The combination of betaine and butyrate 

did not consistently improve performance in broilers, however the combination did result in 

increased nutrient digestibility, suggesting a role for targeted use in challenging environmental 

conditions, like coccidiosis. 

The results also emphasize that feed additive strategies must be integrated with improved 

and advanced management practices to achieve optimal results. High litter moisture was 

identified as a critical factor influencing broiler health (Collett, 2012). High litter moisture may 

also result from a disease outbreak, which in turn can exacerbate litter moisture levels further, 

creating a feedback loop that worsens overall broiler health and performance (Ritz et al., 2009). 

Utilizing tools such as Near-Infrared (NIR) spectroscopy for real-time litter moisture monitoring 

may enable proactive interventions, preventing conditions that increase disease outbreaks. 

Effective disease management will require integrating feed additives with improved biosecurity, 

ventilation, and stocking density practices. Essential oils and benzoic acid may reduce microbial 

loads but maintaining dry litter is essential to prevent recontamination for future flocks. 

Furthermore, the variability in response to feed additives underscores the importance of precision 

nutrition tailored to specific broiler requirements and environmental conditions.  



 181 

The results presented in this dissertation call for further investigation into the long-term 

effects of combining multiple feed additives on broiler health and performance across different 

environmental and management conditions. Additionally, optimizing NIR spectroscopy or a 

similar technology for broader applications, including monitoring additional parameters like 

microbial loads and ammonia levels in litter, would be even more beneficial. This would allow 

one tool to be easier to use for poultry producers by consolidating multiple monitoring functions 

into a single, user-friendly system, thereby reducing the complexity and time required for 

management. Developing strategies that integrate feed additives with vaccines and other non-

antibiotic interventions for a holistic approach to managing coccidiosis and other enteric diseases 

will further support sustainable production systems. 

Reducing antibiotic reliance in poultry production requires a paradigm shift toward 

integrated solutions. This dissertation emphasizes the necessity of adopting a multifactorial 

approach, one that combines the strengths of various feed additives with real-time management 

tools and improved farm practices. By addressing both dietary and environmental factors, 

producers can not only maintain broiler performance and health but also align with consumer and 

regulatory demands for sustainable and welfare-friendly poultry products. 
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