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ABSTRACT 

BENCHMARKING BIOLOGICAL INDICES OF COMMERCIAL BROILER 

CHICKENS REARED ON CONVENTIONAL AND ALTERNATIVE GUT HEALTH 

MANAGEMENT PROGRAMS 

Lisa Hodgins       Advisor: 

University of Guelph, 2022     Dr. Elijah G. Kiarie 

The poultry industry has been phasing out prophylactic use of antibiotics in broiler 

chicken production thereby mandating the industry to contend with less reliance on the use of 

antibiotics.  Under current Canadian regulations, the majority of commercial broiler chickens are 

reared on one of three gut health management programs: 1) conventional (CON), where some 

medically important antibiotics (MIA) are allowed, 2) raised without medically important 

antimicrobials (RWMIA), and 3) raised without antibiotics (RWA).  However, little is known 

on comparative growth performance and physiological responses of birds reared on these 

programs.  Investigations reported herein focused on the application of commercial gut health 

management programs incorporating dietary strategies known to bolster gut health and function 

in the absence of antibiotics.  Investigations included the assessment of parameters related to 

overall performance, breast meat quality, gastrointestinal responses, plasma serology, and bone 

mineralization.  Programs showed similar trends pertaining to growth performance; however, 

differences in breast meat traits were reported.  Condemnations were higher under commercial 

conditions and mortality was higher under commercial and research settings where birds were 

reared on programs with less reliance on antibiotics.  Differences in organ weights and jejunal 

histomorphology which are known to impact growth rate and feed efficiency were observed in 

response to gut health management program.  However, further analyses among such variables 

correlated with heavier birds but did not necessarily impact overall feed efficiency.  Program 

effect on cecal short chain fatty acids (SCFA) was noted which could reflect alterations in cecal 



microbial activity.  Differences in some plasma metabolites and tibia attributes suggest altered 

metabolism possibly linked to gut health management programs and their ability to support gut 

integrity and function in the absence of antibiotics.  Overall, birds reared on the gut health 

management programs did not show growth performance differences in the absence of 

antibiotics, while some differences were noted regarding gut physiology, cecal SCFA, plasma 

serology, and tibia attributes.  Data suggests that while gut health management programs appear 

to be effective in supporting performance in the absence of antibiotics, there are some metabolic 

differences occurring which are contributing to differences in physiological parameters.   
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CHAPTER 1 

INTRODUCTION 

1.1 Growth performance, livability, and breast meat attributes 

The movement to reduce and eliminate antibiotics as a component of broiler chicken 

production has changed the landscape of the poultry industry.  Today, gut health management 

programs are being developed to support and maintain growth performance, livability, and meat 

quality in the absence of antibiotics (Bean-Hodgins and Kiarie 2021).  Yet, there are concerns 

that as the poultry industry relies less on antibiotics and more so on alternative gut health 

management programs there will be increased incidences of enteric diseases, and impaired 

metabolism, ultimately leading to poor efficiency, increased mortalities, and condemnations at 

the processing plant.  Single ingredients have been typically evaluated under research settings as 

alternatives to antibiotics.  However, it has been reported that it is difficult to duplicate the 

conditions experienced by commercial birds under research settings (Pedersen et al. 2008).  

Thus, it is necessary to evaluate gut health management programs under both research and 

commercial environments to ascertain the impact of these programs paired with antibiotic 

reduction or removal on overall growth performance, livability, and breast meat attributes.  

1.2 Gastrointestinal responses as indicators of gut health and function 

Modern broiler chickens are extremely efficient at converting feed into muscle and intestinal 

health is a key factor contributing to the overall health status and feed efficiency observed in 

these birds.  This is because the gut is functioning to carry out two critical roles.  First, the gut is 

the site of digestion and absorption of nutrients.  Secondly, the gut is the central organ involved 

in the immune response and overall defense against pathogens.  Broiler chickens reared in the 

absence of antibiotics will likely face increased challenges stemming from an onslaught of 
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bacterial exposure.  A better understanding of the impact of gut health management programs on 

gastrointestinal responses would be very helpful in identifying how gut morphology and 

structural integrity are affected in birds reared in the absence of antibiotics.  There is a proven 

link between gut morphology and overall performance (Lei et al. 2013; Emami et al. 2017),  

whereby performance may be optimized when the structure and function of the gut are 

optimized.  Thus, gastrointestinal responses are an important subject when considering overall 

performance and productivity in broiler chickens reared on alternative gut health management 

programs.   

1.3 Comparative plasma and tibia attributes as indicators of health and metabolic status  

Plasma serology is an effective tool that can be used to evaluate various analytes linked to 

general health and metabolic status (Greenacre et al. 2008; Brugere-Picoux et al. 2015).  Tibia 

attributes and mineralization are also considered to be biomarkers of metabolism.  It is well 

established that dietary components, enteric diseases, and inflammation can influence the 

concentrations of plasma metabolites and tibia attributes (Akbari Moghaddam Kakhki et al. 

2018; Mohammadigheisar et al. 2020a).  Therefore, the evaluation of these parameters under 

commercial and research conditions can provide insight into general health and metabolism 

which could be linked to gut health management programs and their ability to support gut 

integrity and function in the absence of antibiotics. 

1.4 Correlation analyses between variables 

Determining correlations between variables can be done to investigate the relationships 

among different parameters thereby defining the degree to which a relationship exists between 

two variables (Wang et al. 2015; Reis et al. 2017).  In doing this type of analyses, performance 

parameters, gastrointestinal responses, and bone attributes can be evaluated based on gut health 
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management program and correlations among parameters can be teased out.  This could enable 

individual parameters to forecast some performance parameters in commercial settings.  To date, 

this type of research has not been reported.    

Therefore, the present thesis examines the impact of alternative gut health management 

programs on various bird health parameters as indicators of gut health.  This will evaluate 

whether the programs used to support broiler chicken production in the absence of antibiotics are 

directly impacting gut physiology, thereby influencing blood biochemistry and skeletal health 

coinciding with disease resistance and overall growth performance.   
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CHAPTER 2 

LITERATURE REVIEW 

MANDATED RESTRICTIONS ON THE USE OF MEDICALLY IMPORTANT 

ANTIBIOTICS IN BROILER CHICKEN PRODUCTION IN CANADA: 

IMPLICATIONS, EMERGING CHALLENGES, AND OPPORTUNITIES FOR 

BOLSTERING GASTROINTESTINAL FUNCTION AND HEALTH1 

2.1 ABSTRACT 

Chicken Farmers of Canada has been progressively phasing out prophylactic use of 

antibiotics in broiler chicken production.  Consequently, hatcheries, veterinarians, and 

nutritionists have been mandated to contend with less reliance on use of preventive antibiotics.  

A topical concern is the increased risk of proliferation of enteric pathogens leading to poor 

performance, increased mortality, and compromised welfare.  Moreover, the gut harbors several 

taxa such as Campylobacter and Salmonella capable of causing significant illnesses in humans 

via contaminated poultry products.  This has created opportunity for research and development 

of dietary strategies designed to modulate gastrointestinal environment for enhanced 

performance and food safety.  Albeit with inconsistent responses, literature data suggests that 

dietary strategies such as feed enzymes, probiotics/prebiotics, and phytogenic feed additives can 

bolster gut health and function in broiler chickens.  However, much of the efficacy data was 

generated at controlled research settings that vary significantly with the complex commercial 

broiler production operations due to variation in diet, health, and environmental conditions.  This 

review will summarize implications of mandated restrictions on the preventative use of 

antibiotics and emerging Canadian broiler production programs to meet processor specifications. 

 
1 Bean-Hodgins, L., and Kiarie, E.G. 2021. Mandated restrictions on the use of medically 

important antibiotics in broiler chicken production in Canada: implications, emerging challenges, 

and opportunities for bolstering gastrointestinal function and health — a review. Can. J. Anim. 

Sci. 101: 602-629. 
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Challenges and opportunities for integrating alternative dietary strategies in commercial broiler 

production settings will be highlighted.      

2.2 INTRODUCTION 

 The Chicken Farmers of Canada (CFC) 2019 Annual Report shows a steady increase in 

the per capita consumption of chicken from 2016 to 2019 with chicken being the number one 

meat protein chosen by consumers.  A strong increase (2.5%) in chicken production was  

reported in 2019 with Canadian farmers producing 1,297.6 Million kg of chicken  (CFC 2019).  

Although chicken remained the number one meat protein chosen by consumers in 2020, 

consumption decreased by 0.7kg per person and chicken production decreased by 2.0% 

compared to 2019 due to the COVID-19 pandemic (CFC 2020).  Canadian chicken production is 

unique in that the supply of chicken is managed by a quota system (Heminthavong 2015).  The 

quota system ensures that the correct amount of chicken is produced accurately representing the 

demand.  This prevents a surplus of chicken from being marketed while ensuring processors 

receive the correct amount of product and producers are paid a fair price.  As of today, there are 

2,837 producers across Canada producing broiler chicken under the direction of CFC and the 

supply management system (CFC 2020).  In addition to maintaining the supply management 

system, CFC also has a responsibility to develop programs that support sustainability, trust, 

animal welfare, and biosecurity within the poultry industry.  As a result of their commitment to 

consumers, CFC successfully implemented the National Antimicrobial Use Strategy (AMU) in 

2019.  This strategy mandated that the poultry industry would no longer use Category I or II 

antimicrobials in poultry feed or water for prophylaxis.  As the industry moves away from the 

preventative use of antibiotics, new broiler production programs have emerged with varying 

degrees of antibiotic restrictions.  The objective of the present review is to characterize recent 
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and immediate future CFC mandated restrictions on preventive use of antibiotics, explore 

implications on broiler chicken production, and challenges of merging broiler production 

programs.  The review will also appraise alternative feeding strategies for maintaining a 

functional and healthy gastrointestinal tract (GIT) in the context of commercial production 

conditions.    

2.3 State of broiler industry in Canada: Historical overview 

The Canadian broiler industry provides consumers with nutritious, affordable, and high-

quality meat protein for their diets.  Broiler chicken producers rely on industry veterinarians, 

nutritionists, processors, and hatcheries to ensure their birds are grown with efficiency, 

sustainability, and the highest standard of animal care.  The Canadian broiler chicken industry 

has seen an overhaul to its Codes of Practice leading to increased focus on health, welfare, 

environment, and emergency management.  Perhaps the biggest change has been the increased 

awareness associated with antimicrobial resistance and the phasing out of critically important 

antimicrobials for growth promotion and disease prevention.  In Canada, antibiotics are 

categorized by their importance relative to human medicine. The four main categories are based 

on the ability of an antibiotic to effectively treat a human infection.  Products or their analogs 

found in category I, II, and III are classified as having some level of importance to humans 

(Table 2.1).  In 2012, the poultry industry began to implement timelines regarding a strategic 

plan to ban the use of medically important antibiotics for preventative use.  The implementation 

of the phasing out of these antibiotics is ongoing and continues to be a milestone in the history of 

broiler production in Canada.  Chemical coccidiostats also used to prevent coccidiosis are 

permitted in poultry feed but are not classified as antibiotics.  Commercial broiler programs in 
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Canada will utilize antibiotics categorized as per Table 2.1 to various extents depending on the 

requirements governed by the processors (CFC 2018). 

2.4 Historical use of antibiotics as growth promoters (AGP)  

 An antibiotic growth promoter (AGP) is defined as an antibiotic added to feed at low 

sub-therapeutic levels for the purpose of improving growth and feed efficiency (Niewold 2007).  

The use of AGP in poultry diets was discovered in 1942 at the University of California by E.L.R 

Stokstad and Thomas H. Jukes.  One of the first published papers involved the addition of 

sulfasuxidine, streptothricin, and streptomycin to poultry diets where an increased growth 

response was reported in conjunction with a reduction in cecal coliform bacteria in 4-week old 

chicks (Moore and Evenson 1946). The effects of AGP on growth performance, feed efficiency, 

and intestinal physiology are well documented throughout the 1950’s (Groschke and Evans 

1950; Stokstad and Jukes 1950; Pepper et al. 1953; Jukes et al. 1956; Dibner and Buttin 2002).  

The first reports of antibiotic-resistant bacteria also became apparent in the 1950’s (Diaz-

Sanchez et al. 2015).  However, in 1951 the Food and Drug Administration (FDA) approved the 

use of antibiotics in feed without a veterinary prescription, setting the stage for wide use of 

antibiotics in poultry feed for the next 50 years (Jones and Ricke 2003).  Antibiotics were 

effective in producing growth performance response year after year, regardless of the type of 

ingredients used in the feed (Dafwang et al. 1984).  This was important as the broiler industry 

was growing rapidly and there was a need to supply the demand for chicken.  Although selective 

breeding helped improve feed efficiency and meat yields to a great extent, the use of antibiotics 

also contributed to improved performance.  The benefits of dosing birds with low levels of 

antibiotics in feed continued to be documented throughout the 1960’s (Eyssen 1962; Combs and 
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Bossard 1963; Eyssen and De Somer 1963).  These benefits made AGP an essential component 

of modern broiler production throughout the years and still today. 

2.4.1 Mode of action 

Antibiotic growth promoters have been used extensively to prevent intestinal issues 

amplified by enteric infections (Ducatelle et al. 2018).  Although the exact mechanism by which 

AGP work is not fully understood, the basis of their mode of action involves the management 

and modification of microflora in the digestive tract (Coates et al. 1963; Gaskins et al. 2002; 

Niewold 2007).  Different antibiotics will vary regarding their overall chemical and physical 

structures, but many will have a similar mode of action.  The mode of action of the 

antimicrobials available in the Canadian poultry production are listed in Table 2.3.  Researchers 

hypothesize that the performance benefits associated with the use of AGP could be caused by the 

suppression of bacteria that under normal conditions would cause malabsorption of nutrients 

such as fat, protein, carbohydrates, vitamins, and minerals (Eyssen and De Somer 1963).  With 

the suppression of bacteria, competition for nutrients between bacteria and host is decreased and 

there is a decrease in the production of performance reducing metabolites (Dibner and Richards 

2005; Khodambashi Emami et al. 2012).  The performance benefits associated with the addition 

of antibiotics is not dependent on sex, diet composition, environment, or class of antibiotic, 

meaning that the addition of antibiotics will cause some degree of improved growth performance 

regardless of these factors (Biely and March 1959; Goatcher and McGinnis 1972; Miles et al. 

2006).  The performance benefits associated with the modification of microflora in the digestive 

tract are further supported by work done with germ free broiler chickens.  In germ free birds, 

feeding antibiotics did not result in improved growth performance (Coates et al. 1963).  The lack 

of response to antibiotics in germ free birds can be explained by the fact that the microbial 
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population is not present.  Therefore, the antibiotic has no bacteria to target or suppress in germ-

free animals, further validating the mode of action as being a modification of microflora.  

In addition to working to inhibit bacteria and prevent disease, antibiotics improve 

performance, feed efficiency, protein digestibility, and meat yield (Gaskins et al. 2002; 

Afsharmanesh et al. 2013; Wang et al. 2016).  Antibiotics can influence performance by 

supporting intestinal structural integrity (Cao et al. 2013; Hutsko et al. 2016; Jayaraman et al. 

2017; Elhassan et al. 2018).  If intestinal integrity is compromised, the effectiveness of digestion 

and absorption is sub-optimal, thereby leading to reduced growth performance.  Research has 

proven a link between gut morphology and overall performance (Lei et al. 2013).  The more 

developed the gut, the healthier the animal, and consequently, more efficient nutrient utilization 

leading to better performance.  The intestinal surface is lined with finger like projections called 

villi that are designed to increase the surface area which fosters efficient digestion and absorption 

of nutrients.  Scientists often focus on the villi lining the duodenum, jejunum, and ileum with 

particular attention on the jejunum as it is the main site for digestion and absorption of starch, 

protein, and fat (Oso et al. 2019).  Improvements in growth performance parameters are linked to 

longer villus height and a higher villus: crypt depth ratio which is an index of digestive and 

absorptive capacity (Lei et al. 2013; Jayaraman et al. 2017).  Villus height is measured from the 

top of the villus to the villus crypt (Elhassan et al. 2018).  Crypt depth is measured from the base 

of the villus to the lamina propria (Cao et al. 2013).  Growth performance is improved in birds 

with shorter crypt depth (Wang et al. 2015).  A ratio can then be calculated by dividing the villus 

height by the crypt depth.  A high ratio is indicative of good gut health while a low ratio could 

indicate poor nutrient absorption and decreased performance (Xu et al. 2003).  Villus height can 

be influenced by diet and the type of antimicrobials used in feed formulation (Miles et al. 2006; 
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Baurhoo et al. 2009).  It has been reported that birds fed virginiamycin have shorter ileum villus 

height and crypt depth compared to birds fed bacitracin methylenedisalicylate (Miles et al. 

2006).  Baurhoo et al. (2009) did not report a difference in the villus height recorded from the 

duodenum, jejunum or ileum of broilers fed virginiamycin or bacitracin.   

Including antimicrobials in a diet is widely recognized to cause thinning and decrease the 

weight of the small intestine (Coates et al. 1955; Jukes et al. 1956; Miles et al. 2006; Wang et al. 

2019a).  The thinning of the gut wall in response to antibiotics is thought to be caused by loss of 

mucosal cell proliferation.  This may be because of a change in the microbial population and 

therefore a reduction of short chain fatty (SCFA) acids which are known to support epithelial 

development (Frankel et al. 1994).  It has been hypothesized that the reduced weight of the small 

intestine facilitated transport of nutrients across the intestine leading to improved performance 

(Coates et al. 1955; Eyssen and De Somer 1963; Miles et al. 2006).  However, the opposite has 

also been found where a decreased intestinal weight was reported with no increase in 

performance in birds fed antibiotics (Izat et al. 1989).  Researchers have also concluded that 

while the overall relative weight of the small intestine may be consistent, reducing the weight 

and length of the duodenum favors increased weight and length of the jejunum which may be 

associated with enhanced nutrient digestibility as the jejunum is the main sight of the absorption 

of nutrients (Reis et al. 2017).   

An elevated growth response was reported in a wheat-based diet supplemented with 

antibiotics compared to a corn based ration, implying that while the effect of an antibiotic on 

growth performance is consistent regardless of diet, the extent of the growth performance 

response can be influenced by the types of ingredients used in the diet (Johnston and Arscott 

1974).  Ingredients such as wheat, rye, barley, raw beans, and lentils are known to limit growth 
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because they all contain antinutritional factors (ANF) that can make birds more vulnerable to 

enteric diseases.  The antibiotic induced growth response in birds fed diets containing ingredients 

high in ANF is hypothesized to be caused by the antibiotic ability to influence and stabilize the 

gut microflora (MacAuliffe and McGinnis 1971; Goatcher and McGinnis 1972).  The ability of 

antibiotic supplementation to overcome ANF and the negative effects caused by viscous grains 

has been well documented (Marquardt et al. 1979; Antoniou and Marquardt 1982).  Protein 

digestibility has been shown to be significantly improved in wheat-based diets supplemented 

with antibiotics.  This enhanced digestibility led to improved body weight gain and feed 

efficiency (Afsharmanesh et al. 2013).  Feeding raw beans has been known to decrease growth in 

broiler chicks, however the addition of antibiotics to the same diet  can overcome this negative 

effect (Goatcher and McGinnis 1972).  Consequently, the use of AGP has made it possible to 

formulate diets containing ingredients that would otherwise be problematic and potentially 

growth limiting.  This has allowed nutritionists to use suboptimal and potentially less expensive 

ingredients in feeds while maintaining performance. Without the use of AGP the focus on 

ingredient type, quality and digestibility becomes increasingly important.  

2.4.2 Current and emerging concerns regarding the use of AGP 

Concern surrounding antimicrobial resistance stemming from the continuous use of 

antibiotics is mentioned throughout history with the issue hitting a bigger stage in the 1990’s.  

The primary concern is that antibiotics used in human medicine are no longer as effective in the 

treatment of diseases and that one of the perceived factors leading to the resistance was the use 

of antibiotics in food-producing animals (Castanon 2007; Seal et al. 2013; Diarra and Malouin 

2014).  The European Union (EU) was quick to remove tetracyclines and procaine penicillin as 

growth promoters in 1972-1974 whereas they remained available in the United States (Bywater 
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2005).  In the 1990’s, the EU further banned several of the most common poultry AGP such as 

virginiamycin and zinc bacitracin whereas they remained available in North America (Bywater 

2005).  Antibiotics other than coccidiostats and histomonostats were further banned in the EU as 

of January 1, 2006 (Castanon 2007).  Although the EU was very aggressive in their timelines on 

the elimination of antimicrobials, during the same time, the United States was much slower in 

adopting a reduction timeline.  As of 2005, the United States did not have regulatory mandate for 

AGP removal; however, consumer pressure was mounting regarding reducing the use in poultry 

production (Dibner and Richards 2005).  In 2012, the FDA provided a framework for the 

voluntary implementation of practices to promote veterinary oversite and judicious use of 

antibiotics considered to be important to human medicine (Greer 2016).  In 2017, the FDA 

mandated the removal of antibiotics for growth promotion.  While producers continued to use 

medically important antimicrobials for the prevention of disease (Patel et al. 2020).  The 

Canadian poultry industry has been modest compared with the EU in its approach to reductions 

in antimicrobial use while being more aggressive than the United States in their mandated 

reduction timelines.  

2.5 Mandated CFC restrictions and emerging production programs 

 Antibiotics and anticoccidials have always been readily available as feed ingredients to 

prevent the onset of diseases such as necrotic enteritis (NE) and coccidiosis.  Consequently, the 

Canadian poultry industry has relied heavily on medicating ingredients to support flocks and 

maintain production efficiency under all conditions and diet types. However, CFC is very 

focussed on issues surrounding antimicrobial resistance.  In 2014, the preventative use of 

Category I antibiotics in the hatchery, feed, and water was eliminated for Canadian raised broiler 

chickens.  This was followed by a very definitive and proactive antimicrobial reduction strategy 
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in January 2019 that implemented Phase 1 with the elimination of the preventative use of 

Category II antibiotics at the hatchery, in feed, and water.  The goal was to reduce the reliance on 

antibiotics by phasing out their use for prophylaxis and increasing surveillance of antibiotic use 

across the country.  Phase 2 does not have a definitive date for implementation but will impose 

the elimination of the preventative use of Category III antibiotics.  This strategy will allow the 

use of ionophores and the use of antibiotics for the treatment of disease when diagnosed and 

prescribed by a licensed veterinarian (therapeutic use).  Although the Canadian feed industry has 

seen an increase in veterinary oversight, several medical ingredients are approved as feed 

additives and remain as options for poultry producers with or without a veterinary prescription 

(Table 2.2).  However, with increased emphasis on reducing the use of antibiotics, new Canadian 

markets have emerged where the processor defines the antibiotic program, and birds are 

marketed with various claims associated with antibiotic use.  Canadian producers can raise 

broilers on the following programs:  

• Conventional (CON): Category III and IV antibiotics and avilamycin permitted.  

• Raised without antibiotics of human importance (RWMIA): No Category I, II or III 

antibiotics for prevention. Only avilamycin and Category IV antibiotics permitted for 

prevention of coccidiosis and necrotic enteritis. 

• Raised without the use of antibiotics (RWA): No Category I, II, III, or IV antibiotics 

permitted for prevention.  It should be noted that in Canada ionophores are categorized 

as a Category IV antibiotic and are not permitted in an RWA program. However, 

chemical coccidiostats are not antimicrobials and therefore they are not an antibiotic 

and are permitted in any of these programs.  
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2.6 Challenges of raising broiler chickens with restricted antibiotics in Canada 

Intestinal diseases have continued to plague the modern broiler chicken since their 

domestication and the implementation of intensive farming.  These diseases are an important 

concern because they lead to reduced performance, increased mortality, and lost profits (Chan et 

al. 2015; Blake et al. 2020).  The prophylactic use of antibiotics including ionophores, chemical 

coccidiostats, and AGP have been effective tools in protecting chickens from the onset of 

intestinal diseases such as coccidiosis, NE and dysbiosis (disruption in the balance of the 

microbiota).  The primary concerns with antibiotic-free/reduced feeding programs are increased 

incidences of enteric diseases causing impaired nutrient digestion and absorption ultimately 

leading to poor feed efficiency, increased mortalities, more condemnations, and a negative 

impact on animal welfare (Xu et al. 2003; Gaucher et al. 2015; Kiarie et al. 2019).  Damage from 

Gram-negative bacteria leading to diseases such as colibacillosis, yolk sac infection, and 

enterococcus are more likely to require therapeutic antibiotic administration in order to treat the 

onset of disease.  In addition to the challenges surrounding bird health, there are also concerns 

surrounding food safety.  With the removal of antibiotics, there are questions regarding the 

potentially elevated levels of bacteria on poultry meat that could be a risk for foodborne illness in 

humans (Van Immerseel et al. 2004; Golden and Mishra 2020).  

2.6.1 Necrotic enteritis 

Necrotic Enteritis is an enteric disease caused by the gram-positive bacteria Clostridium 

perfringens commonly occurring between 2 to 6 weeks of age with the highest risk for onset 

occurring around 3 weeks of age (Moore 2016; Broom 2017; Hofacre et al. 2018).  Predisposing 

factors such as breed, age, diet, gut pH, environment, viral infections, biosecurity, and stress may 

trigger the proliferation of bacteria that damages the intestine and leads to clinical NE infection 
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(Annett et al. 2002; Allaart et al. 2013; Moore 2016).  Symptoms of a clinical NE infection 

include loose droppings, necrotic intestinal lesions, reduced growth rate, poor feed efficiency, 

and high mortality (Broom 2017).  A subclinical infection is more subtle, with reduced 

performance and higher carcass condemnations at processing.  Birds experiencing a subclinical 

challenge are estimated to have a 12% reduction in body weight and 10.9% increase in feed 

conversion compared to healthy birds (Skinner et al. 2010).  This level of reduced performance 

represents a significant financial loss to producers (Chan et al. 2015).  Antibiotics have been 

proven to be effective in delaying and controlling the onset of a C. perfringens infection as well 

as reducing cecal Escherichia coli and Campylobacter concentration (Baurhoo et al. 2009; 

Fasina et al. 2016).  Consequently, the poultry industry continues to use antibiotics to control 

Clostridium perfringens in order to the prevent the incidence of NE (Stanley et al. 2014a).   

2.6.2 Coccidiosis 

Avian coccidiosis is caused by a protozoan parasite belonging to the genus Eimeria 

(Chapman 2014).  Coccidia can invade multiple points within the digestive tract that can cause 

the damage needed to facilitate NE.  Coccidia are present wherever chickens are raised, making 

the modern broiler chicken especially vulnerable to infection due to intensive farming and the 

fact that broilers are reared on the floor and not in cages.  The negative effects on average daily 

gain, feed conversion, and mortality in broilers challenged with coccidiosis are clearly defined 

(McDougald 1998; Scheurer et al. 2013).  Birds suffering from a severe cocci challenge may 

show symptoms including: dehydration, depression, ruffled feathers, off-feed, and bloody 

droppings (Bains 1980).  The onset of avian coccidiosis can be prevented by the application of 

ionophores and chemical coccidiostats in feed/water.  However, robust vaccination programs 

have been developed whereby live oocysts are administered to chicks at the hatchery in a low 
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dose (Chapman 2014; Ritzi et al. 2016).  This allows birds to develop their own immunity 

protecting them from a coccidiosis challenge later in their life cycle.     

2.6.3 Dysbiosis and stability of the microbiota    

Within the GIT resides an assortment of microorganisms that make up the microbiota 

including, viruses, bacteria, fungi, and protozoa.  The avian microbiota refers specifically to the 

diverse bacterial community and multitude of microbes that reside in the GIT (Roto et al. 2015; 

Kogut 2019).  The term microbiome refers to the microbiota plus the genetic material found in 

an environment (Roto et al. 2016).  The complex mechanisms of the microbiome and the 

corresponding interactions with the host cannot be ignored as their metabolic activity has been 

equated to the functionality of an organ within an organ, making this community a key factor in 

maintaining intestinal homeostasis (Kogut 2019).  In this respect the gut is an interconnecting 

network of ecosystems composed of the intestinal epithelium, gut immune system, and the 

microbiota (Kogut 2013).   

The GIT of broiler chickens is home to more than 100 billion bacteria comprised of over 

900 different species (Stanley et al. 2014a; Borda-Molina et al. 2018; Yadav and Jha 2019). 

Amit-Romach et al. (2004) focused on six main bacterial groups in the chicken GIT which were 

classified as beneficial bacteria (Lactobacillus, Bifidobacteria), harmful bacteria (E. Coli, 

Clostridium) or inconsequential to the host but pose a risk to human health (Salmonella, 

Campylobacter).  Each section of the GIT is colonized by different but highly interconnected 

bacterial populations (Borda-Molina et al. 2018).  The bacterial residents of each section are 

adapted to the specific environment, host physiology, and available nutrients present in that 

portion of the GIT (Apajalahti and Vienola 2016).  Each section of the GIT houses a unique 

bacterial profile and while many species have been identified, there remains many yet to be 
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cultured.  A review by Stanley et al. (2014a) reported that Lactobacillus was the dominant and 

most abundant bacteria in all sections of the chicken GIT.  In addition to the Lactobacillus spp., 

the ileum was found to harbor Streptococcus, Coliforms, Enterobacteriaceae, Clostridiaceae, 

and the cecum was reported to be rich in unknown species of Lactobacillus, Bacterioides, 

Clostridium, and Bifidobacterium (Stanley et al. 2014a).  Escherichia coli and Clostridium are 

detectable in both the duodenum and the ileum and are found at low levels within the GIT of 

healthy birds throughout their lifetime (Amit-Romach et al. 2004).   

The different species of bacteria residing in the sections of the GIT play various roles and 

are influential in overall bird performance and health (Kollarcikova et al. 2019).  Bird 

performance and health benefits are the result of the bacterial community’s ability to carry out 

four main classes of interactions including the exchange of nutrients, influence immune function, 

pathogen control, and the development of the digestive system (Clavijo and Florez 2018). 

Chickens originating from the same flock have similar microbial diversity compared to flocks 

from other farms (Kollarcikova et al. 2019).  These bacterial populations can be manipulated by 

diet, stress, biosecurity, geography, seasonality, environment, litter, and age of the birds (Clavijo 

and Florez 2018; Oakley et al. 2018; De Cesare et al. 2019).  An alteration or shift in the 

diversity of a bacterial population can lead to the condition known as dysbiosis.  Dysbiosis is a 

condition where the co-existence between host animal and microbiome becomes unbalanced 

(Yan et al. 2017).  If dysbiosis occurs in the microbiome proper immune function could be 

compromised (Kogut 2017).     

Beneficial bacteria such as Lactobacillus and Bifidobacteria living in the small intestine and 

cecum of broiler chickens are known to help increase enzyme activity, they compete with 

pathogens for the same resources and prevent colonization via competitive exclusion thereby 
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maintaining balance within the microbiome.  Lactobacillus species found in the crop are 

hypothesized to play a role in breaking down starch and the fermentation of lactate (Clavijo and 

Florez 2018).  Bacteria such as E. coli and Clostridium are found at low levels in the gut of 

healthy birds throughout their life span.  At 25 days of age, E.coli and Clostridium were 

detectable in both the duodenum and the ileum (Amit-Romach et al. 2004).  When provided with 

an ideal opportunity to proliferate and thrive, these bacteria can lead to significant disease 

challenges in poultry.  One of the most problematic diseases in commercial poultry today is 

avian colibacillosis caused by enterotoxigenic E. coli (Wang et al., 2017).  Birds diagnosed with 

this disease often experience high mortality and need to be treated with antibiotics.  

2.7 Processing and food safety concerns   

The use of antibiotics over consecutive periods can lead to reduced efficacy of the 

antibiotic.  This could be caused by a change in microbial populations as a result of suppressing 

specific types of bacteria while making the animal vulnerable to other bacterial infections. It has 

been hypothesized that using the same antibiotic over consecutive flocks can lead to an 

unbalanced microbiota whereby some beneficial bacteria are inhibited. This may result in a loss 

of performance enhancing metabolites normally produced by beneficial bacteria that would  

benefit the host animal (LaVorgna et al. 2013).  Consequently, it has become an industry practice 

to rotate antibiotics between flocks to prevent the continuous use of the same antibiotic over 

consecutive periods.  Due to the phasing out of many antibiotic options for commercial broilers it 

will soon become common to use the same antibiotic over consecutive periods.  Therefore, the 

industry is faced with either the possible loss in efficacy of antibiotics or their complete removal 

from flocks.  Processors are faced with some possible challenges associated with the removal of 

AGP including decreased body weight and reduced flock uniformity however, increased 
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condemnations may not necessarily occur (Engster et al. 2002; Smith 2011; Gaucher et al. 2015; 

Parent et al. 2020).  The degree of challenges experienced at processing will be dependent on the 

occurrence and severity of clinical and subclinical enteric diseases (Kaldhusdal et al. 2016).   

Food safety concerns may also be associated with the removal of AGP as it has been 

reported that the prevalence of foodborne pathogens posing a risk to human health may differ in 

poultry products reared under alternative production systems  (Heuer et al. 2001; Bailey and 

Cosby 2005).  Salmonella, and Campylobacter are common pathogens found in poultry products 

known to cause foodborne illness in humans (Golden and Mishra 2020).  Some strains of C. 

perfringens also produce an enterotoxin that can cause illness in humans (Van Immerseel et al. 

2004).  Although it is certain that poultry products do contain these potential pathogens, it is 

unclear whether poultry grown under different production systems such as organic, free-range or 

RWA contain more risk than conventional systems (Bailey et al. 2019; Golden and Mishra 

2020).  More research is required in order to evaluate the risk for foodborne illness in humans as 

a result of rearing broilers under different production systems with or without the use of AGP. 

2.8 Complicity of evolving dietary composition  

Nutritionists are tasked with formulating “gut friendly” diets taking into consideration 

highly digestible ingredients and ideal nutrient levels for optimal growth and feed efficiency 

(Choct 2009).  Although broiler chickens are highly efficient in converting feed to food products, 

they still excrete significant amounts of undigested nutrients.  For example, broilers lose almost 

25-30% of ingested dry matter, 20-25% of gross energy, 30 -50% of nitrogen, and 45-55% of 

phosphorus intake in the manure (Ravindran 2012).  The consequences of variable and low 

nutrient digestibility range from economic (i.e. through increased feed costs, proliferation of 

pathogens in the gut, and poor feed efficiency) to ecological (i.e. through nutrient loading and 
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emissions into the environment) (Kiarie et al. 2013; Kiarie et al. 2016).  Moreover, undigested 

feed components increase visceral weight, consequently increasing utilization of dietary energy 

and amino acids for maintenance at the expense of tissue deposition (growth) (Cant et al. 1996; 

Agyekum et al. 2012).  Therefore, the types of ingredients and nutrients provided in a diet can 

influence the stability of the microbiota and the overall composition of feed is an important 

consideration when trying to maintain a healthy gut environment. 

2.8.1 Feed protein  

In monogastric nutrition, protein (amino acids) is the second most expensive component of 

the feed after energy.  Different protein sources and concentration in the diet contribute varying 

amounts of indigestible nitrogen at the terminal ileum (Bryan et al. 2019).  High protein diets 

have been found to influence the ceca microbiota and have been reported as a trigger for enteric 

diseases (Stanley et al. 2014b; Broom 2017; De Cesare et al. 2019; Haberecht et al. 2020).  

Undigested protein in the terminal ileum, increases the amount of nitrogen available for bacteria 

residing in the hindgut which is subject to fermentation and the production of toxic compounds 

that negatively affect the host (Apajalahti and Vienola 2016; van der Aar et al. 2017). 

Administration of fish meal proteins in broiler chickens feeding program led to a sharp increase 

in the concentrations of C. perfringens and necrotic lesions in the intestinal mucosa (Drew et al. 

2004).  The inclusion of meat and bone meal has been shown to increase the population of C. 

perfringens in the ileum and ceca of broiler chickens (Wilkie et al. 2005).  The inclusion of 

animal proteins in the absence of antibiotics may predispose birds to enteric diseases like NE 

(Zanu et al. 2020).  

As such there is a perception in the industry that animal derived proteins predispose birds to 

gastrointestinal disturbances.  This has led to the development and promotion of all vegetable 
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protein formulation for birds raised without antibiotics and in organic broiler production. 

However, birds fed an all-vegetable diet have been found to consume more water and produce 

more excreta leading to increased litter moisture and increased incidence of foot pad dermatitis 

(Vieira and Lima 2005; Eichner et al. 2007).  A reduced growth rate has been reported when 

birds are fed an all-vegetable diet compared to the same diet containing animal proteins (Wisman 

et al. 1954).  The performance of commercial flocks on an all-vegetable diet using conventional 

antibiotics has not been compared to the same diets containing animal proteins (Smith 2011). 

However, it appears that feed protein source and quantity may have a significant impact on the 

intestinal microbiota, both qualitatively and quantitatively (Parenteau et al. 2020).  Therefore, it 

is very important for nutritionists to pay particular attention to the types of protein ingredients 

used in feed so that they are aware of any possible impact on immune function and microbiome 

diversity (Choct 2009).   

From the viewpoint of animal health, it is interesting that there seems to be a link between 

enteric pathogens and certain feed protein sources. Adjusting protein supply and amino acid 

profiles can be considered as essential to achieve optimal performance and to control the intestinal 

formation of metabolites such as ammonia and biogenic amines from protein fermentation, that 

are generally considered as detrimental (Nyachoti et al. 2006; Heo et al. 2013; Parenteau et al. 

2020). The use of supplemental amino acids would offset or minimize the need to use some 

proteins, which could reduce the cost of feeds.  Furthermore, extensive use of supplemental amino 

acids would allow nutritionists to more precisely meet the animals’ dietary requirements while 

reducing dietary crude protein.  This change in formulation can positively impact gut health and 

the environment by reduction of environmental excretion of nitrogen and reduce metabolic stress 

of detoxifying nitrogen catabolites. 
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2.8.2 Non-Starch Polysaccharides 

Diets containing high levels of wheat, rye and barley are known to be detrimental to gut 

health resulting from high levels of non-starch polysaccharides (NSP) content within these 

grains.  The NSP in these grains have been shown to decrease feed intake, reduce growth rate 

and compromise the digestion and absorption of all nutrients (Antoniou et al. 1981; Brenes et al. 

1993).  The effects of these ingredients are so detrimental to gut health that they have been used 

in challenge models to cause intestinal inflammation, modification of intestinal viscosity, and 

trigger dysbiosis (Tellez et al. 2014; Chen et al. 2015; De Meyer et al. 2019).  Non-starch 

polysaccharides are components of the cell wall that are categorized into two groups which are 

indigestible by the bird’s own endogenous enzymes and exhibit different forms of antinutritional 

effects when incorporated into a diet.  Soluble NSP are known to promote increased digesta 

viscosity while insoluble NSP are known to impair nutrient digestibility (Dusel et al. 1998; 

Smeets et al. 2018; Musigwa et al. 2021).  When fed to poultry, NSP will compromise overall 

performance while making the bird more vulnerable to enteritis and gut health infection due to 

an increase in digesta viscosity inhibiting the efficient breakdown and absorption of nutrients 

combined with an overgrowth of the gut microflora (Choct et al. 1999; Latorre et al. 2015; 

Broom 2017; Yan et al. 2017).  In the absence of antibiotics it is important to minimize 

ingredients that are less digestible and that are known to be a precursor for gut health infections 

(Cervantes 2015).  Younger birds may be less tolerant to poorer quality less digestible 

ingredients making young meat birds sensitive to feed formulation (Loar et al. 2010).   

2.8.3 Enzyme Inhibitors 

Soybeans, peas, and legumes are common plant-based protein sources known to contain the 

enzyme inhibiting ANF, trypsin inhibitor (TI).  Soybean meal is the most concentrated source of 
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TI and one of the most important plant-based protein sources used in commercial poultry feed 

(Sarwar Gilani et al. 2012).  Studies have shown that increasing TI concentrations in soybean 

meal will lead to increased feed intake, decreased body weight gains, reduced feed efficiency, 

reduced protein digestibility, and predisposes the bird to sub-clinical NE (Mian and Garlich 

1995; Palliyeguru et al. 2011; Hoffmann et al. 2019).  Proper heat treatment is critical to ensure 

that TI has been destroyed (McNaughton et al. 1981).  Although the industry has effectively 

learned how to properly process soybean meal, the opportunity to utilize raw beans and some 

poorly processed sources of full fat soybeans do occur commercially and as a result, TI does 

continue to pose a risk in the field.  Moreover, emerging broiler rearing concepts such as organic 

husbandry mandates utility of organic protein feedstuffs such as soybean meal be processed 

without use of solvents or chemical treatment (Leung and Kiarie 2020).  As such available 

soybean meal for the organic broiler production is from mechanical oil extraction procedures 

which results in meals with markedly higher oil content and residual ANF (Woyengo et al. 2010; 

2011; Kiarie et al. 2020). 

2.8.4 Phytic Acid 

Plant-based cereal grains are a source of phosphorus for poultry feed; however the 

phosphorus contained within grains come in the form of phytic acid.  Phytic acid is poorly 

utilized by the animal and is known to bind and limit the availability of other nutrients contained 

within a diet (Woyengo and Nyachoti 2013).  The antinutritional effects of phytic acid have been 

studied extensively throughout the years (Oatway et al. 2001; Singh 2008; Humer et al. 2015). 

The ingestion of phytic acid by broilers can influence amino acid and mineral availability as well 

as impacting lipid metabolism and deposition (Cowieson et al. 2003; 2004; 2006; Cowieson et al. 

2008; Zaefarian et al. 2019).  Overall performance is impacted by dietary levels of phytic acid as 
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body weight gain and FCR are compromised when birds consume increasing levels of phytic 

acid (Walk and Rama Rao 2020).  Consequently, phytic acid is considered a potent ANF due to 

its ability to reduce broiler growth and overall performance (Cabahug et al. 1999; Woyengo and 

Nyachoti 2013).   

2.8.5 Tannins 

Tannins are water soluble compounds that are capable of binding with other molecules 

(Leeson and Summers 2019).  They are commonly found in low levels in faba beans, rapeseed, 

and canola meal.  They are considered ANF because of their ability to bind protein and reduce 

growth rate (Leeson and Summers 1997).  Broiler chicks consuming tannins will exhibit reduced 

feed intake and growth rate which may partially be explained by a reduction of nitrogen 

retention. (Vohra et al. 1966; Nyachoti et al. 1997).  Vohra et al. (1966) also reported a high 

mortality rate when broiler chicks consumed tannic acid at 5% from days 7-11. 

2.8.6 Mycotoxins 

Corn, corn by-products, wheat, and wheat-by products are all sources of mycotoxin 

contamination and need to be monitored closely due to their potential impact on broiler 

performance and gut health.  The most common mycotoxins found in feed grains that are of 

interest to poultry production include, aflatoxin produced by species of Aspergillus, and 

deoxynivalenol (DON), T-2 Toxin produced by species of Fusarium.  Although poultry 

consuming mycotoxins may not consistently show a reduction in overall growth performance, it 

is known that the mycotoxins are having a significant effect on intestinal morphology and organ 

weights (Awad et al. 2006; Awad et al. 2012; Ghareeb et al. 2015).  It has been reported that 

feeds contaminated with mycotoxins will reduce performance, weight gain, and feed efficiency 

(Chi et al. 1977; Chowdhury and Smith 2004; Lee et al. 2017a).  Feeding mycotoxin 
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contaminated feed has also been shown to negatively impact gut morphology by decreasing the 

villus height and crypt depth in various sections of the small intestine (Awad et al. 2006; 

Antonissen et al. 2015).  Conversely, other researchers have concluded that feeding broilers feed 

contaminated with mycotoxins did not adversely affect growth performance or feed intake (Sklan 

et al. 2001; Awad et al. 2006).  The inconsistency in the effect of mycotoxin contamination on 

performance may be due to variations in the concentration of mycotoxins in the feed, length of 

exposure, and type of mycotoxin present (Awad et al. 2012).  When birds are challenged with 

NE and mycotoxins are present in the feed, the use of antibiotics helps to improve weight gain 

resulting in an interaction between mycotoxin contamination and the use of antibiotics (Cravens 

et al. 2013).  When birds are challenged with NE and fed high levels of mycotoxins in the 

absence of antibiotics, the negative effects associated with the disease including: reduced weight 

gain, feed intake, and higher mortality are amplified (Cravens et al. 2015). 

2.9 Opportunities for raising birds without antibiotics  

For the last two decades, there has been tremendous investment on research and development 

of alternative feeding strategies and feed additives to bolster growth rate, organ weights, carcass 

yields, and feed efficiency in broiler chickens (Izat et al. 1989; Izat et al. 1991; Bedford 2000a; 

Awad et al. 2006; Gaucher et al. 2015; Wang et al. 2016; Wang et al. 2019a).  The next section 

will highlight select alternative feeding strategies that has been developed to support intestinal 

health and overall performance.   

2.9.1 Feed processing 

The types of ingredients used in feed formulation and processing can play a significant 

role in improving or hindering performance (Kiarie et al. 2007; Kiarie and Mills 2019; Kiarie 

2020).  Modern commercial broiler feeds are manufactured by employing a combination of 
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technologies including physical grinding with hammer and/or roller mills in conjunction with 

hydrothermal processing such as pelleting, expansion or extrusion (Schofield 2005; Goodarzi 

Boroojeni et al. 2016; Kiarie and Mills 2019).  There are many benefits associated with feed 

processing including improved availability of nutrients, destruction of inhibitors and toxins, 

facilitation of the use of a wide range of raw materials in diet formulations, production of 

hygienic feed, and reduction of feed wastage (Schofield 2005; Abdollahi et al. 2013).  For 

example, use of pelletized feed has created significant performance benefits resulting from 

improved quality, greater feed intake, and reduced bacterial contamination (Massuquetto et al. 

2019).  Pellet-fed birds showed improved feed efficiency, reduced intestinal pH, reduced digesta 

viscosity, reduced C. perfringens, and lactobacilli and altered microbial fermentation when 

compared to mash fed birds (Engberg et al. 2002).  The performance benefits associated with 

pellet are linked with improved consistency of overall particle distribution, increased feed intake, 

and enhanced intestinal morphology as compared to birds fed mash feeds (Amerah et al. 2007). 

In addition, the heat treatment associated with the pelleting process will reduce some bacteria 

contained within the feed itself.  Thereby reducing the bacterial load of the feed and the 

opportunity for feed to serve as a source of bacterial contamination (Haberecht et al. 2020).  

Although pelleting feed has become a standard process in the production of commercial 

feed, there are numerous studies that have shown that birds fed a pelleted diet had significantly 

decreased gizzard development linked to the lack of stronger mechanical stimulation (Nir et al. 

1995; Dahlke et al. 2003; Huang et al. 2006; Amerah et al. 2007; Rezaeipour and Gazani 2014; 

Röhe et al. 2014).  The peculiarity is that the hydrothermal processing employed during pelleting 

further reduces feed particle size as exemplified by minimization of the differences in the particle 

size distribution of coarse and medium grindings (Abdollahi et al. 2016).  During the pelleting 
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process, the feed is passed through steam, which softens the feed particles before they are 

pressed through the die by the rolls in the pellet press, causing an additional grinding effect.  As 

a consequence, studies reported decreased gizzard and pancreas weights in birds fed pelleted 

feed compared with mash feed linked to particle size reduction (Goodarzi Boroojeni et al. 2016). 

It is thought that weaker mechanical stimulation by the feed might explain the higher pH found 

in the gizzards of pellet-fed birds due to a decrease in HCl secretion than in mash fed chicks 

(Huang et al. 2006).  Reduction of proventiculus /gizzard function has been linked to poor 

gastrointestinal health and function (Svihus 2011).  For example, birds fed pelleted diets had 

significantly higher concentrations of Salmonella enterica serovar Typhimurium DT12 in the 

GIT than birds fed mash (Huang et al. 2006).  Bjerrum et al. (2005) reported that birds fed 

pelleted feed had higher numbers of Salmonella in their gizzard compared with those given 

whole wheat.  Interestingly, pelleted diets have been shown to increase concentrations of SCFA 

in the gizzard compared with mash feeds.  The increased SCFA in gizzard was not accompanied 

with lower pH in gizzard of birds fed pelleted diet (Huang et al. 2006).  However, feeding 

pelleted diets increased ceca concentration of SCFA which was accompanied with decreased pH 

(Engberg et al. 2002; Huang et al. 2006).  This was explained to be related to the fact that 

pelleting induced a substantial reduction in particle size such that nutrients that entered the 

cecum were easily available for microbial fermentation.  There are few studies investigating the 

effects of pelleting on gastrointestinal microbiology in broilers; however, a better understanding 

of the effects of steam conditioning time and temperature manipulations could help the producers 

maintain hygienic, physical, and nutritional quality of feed in an antibiotic free feeding program  

The process of fermenting feeds or specific ingredients have been investigated as a 

feeding strategy for monogastric species (Song et al. 2010; Missotten et al. 2013; Sugiharto and 
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Ranjitkar 2019; Yan et al. 2019).  For poultry, ingredients such as fermented or pre-treated 

soybean meal have gained attention due to the presence of antibacterial compounds created as a 

result of the fermentation process (Jazi et al. 2018; Jazi et al. 2019).  In addition to the presence 

of antibacterial compounds, the fermentation process results in the production of small peptides, 

reduced ANF, and enhanced digestibility.  These beneficial compounds paired with enhanced 

digestibility have resulted in improved performance as well as improved intestinal morphology 

and balanced microbial diversity (Feng et al. 2007; Jazi et al. 2018).  The limiting factor in 

commercial application is the cost associated with the fermented products (Wang et al. 2012).  

2.9.2 Utility of exogenous feed enzymes 

Feedstuffs contain ANF such as phytic acid or fractions that are not degraded sufficiently or 

indeed at all by the conditions and the array of digestive enzymes in the gastrointestinal tract 

(Kiarie et al. 2013; Kiarie et al. 2016).  This inherent digestive inefficiency in monogastric 

animals is seen as the reason for commercial development and application of exogenous feed 

enzymes technology.  Indigestible complexes can impede normal digestion and absorption 

processes of nutrients including carbohydrates and protein (Slominski 2011).  The broiler 

chicken does not possess the ability to break down phytic acid and as a result the use of 

exogenous phytase enzymes have been developed to hydrolyze phytic acid and reduce the 

negative effects associated with this ANF (Abd El-Hack et al. 2018).  Results have shown that 

when broilers consume phytic acid without the use of exogenous phytase, almost all of the 

phytate can be recovered in the excreta (Cowieson et al. 2004).  The addition of exogenous 

phytase to diets has been shown to result in improved performance in broilers consuming 

increasing levels of phytic acid (Walk and Rama Rao 2020).  This may be due to the ability of 
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exogenous phytase to liberate phytate-bound nutrients such as phosphorus and amino acids 

(Ravindran et al. 2006).  

The negative effects from NSP can be overcome with the addition of enzymes such as 

xylanase, β-glucanase, β-mannanase, α-galactosidase, and pectinase (Brenes et al. 1993; Bedford 

2000b; Kiarie et al. 2013; Munyaka et al. 2016).  Exogenous enzymes are added to feed to help 

improve the foregut digestibility so that less substrate is passed to the ileum and ceca and used as 

a food source for the pathogenic bacteria residing in the hindgut.  Exogenous enzymes have been 

found to improve performance when added to both corn and wheat-based diets (Kiarie et al. 

2007; Kiarie et al. 2014; Yan et al. 2017; Park and Kim 2018; Sanchez et al. 2019) making them 

very attractive in commercial feed formulation.  The addition of exogenous enzymes to broiler 

diets is linked to changing the digestibility of ingredients which can then alter the ileal and cecal 

microbial population (Choct et al. 1999; Liu and Kim 2016; Munyaka et al. 2016; Kiarie et al. 

2019; Kiarie 2020).  Increasing digestibility of poorer quality ingredients while reducing 

undigested nutrients from making their way to the hindgut is essential for birds fed with and 

without the use of AGP.  It has been suggested the application of exogenous enzymes may 

reduce endogenous losses of nutrients thereby reducing their availability as substrates for the 

bacterial community.  By limiting nutrient availability in the hindgut, it is possible that 

exogenous enzymes are indirectly modulating the bacterial community (Bedford 2000a; Kiarie et 

al. 2013). Consequently, the additions of exogenous enzymes to feed have become a necessary 

tool for any modern poultry feeding program. 

2.9.3 Utility of gastrointestinal ecology modulators  

As the poultry industry moves away from the use of antibiotics in feed, we need to be 

prepared to use alternative strategies to inhibit and control the population of Clostridium in the 
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small intestine of poultry.  Campylobacter and Salmonella are considered pathogenic bacteria 

that reside in the chicken microbiome that don’t necessarily harm the host but are a risk to 

human health.  Consequently, there has been a focus on controlling/maintaining these bacteria at 

low levels so that the incidence of foodborne illness in humans consuming poultry products is 

reduced.  Due to the influence of the microbiome on overall health and bird performance, many 

researchers have focused on feed additives to manipulate or maintain stability of the microbiome 

so that harmful and pathogenic bacterial like E.coli, Clostridium, Salmonella, and 

Campylobacter do not thrive at the expense of beneficial bacterial such as Lactobacillus.  The 

use of alternative ingredients in poultry diets have become a common strategy to maintain gut 

health and performance when antibiotics are reduced or removed.  Many products have been 

reported to have a growth-promoting effect and consequently, have been a focus for the feed 

industry as an alternative to antibiotics.  However, the growth promoting effects of antibiotic 

alternatives are extremely variable and efficacy may be dependent on the type of diet, 

environment, and management within the barn (Yang et al. 2009; Houshmand et al. 2011).   

2.9.3.1 Probiotics 

  Probiotics or direct fed microbials (DFM) are one of the main ingredient types that have 

been studied as a result of their impact on broiler performance and immune response (Waititu et 

al. 2014; Kridtayopas et al. 2019).  Probiotics are live cultures of microorganisms that benefit the 

animal by populating the microbiome with harmless bacteria that compete for the same 

resources, obstruct attachment sites, and produce metabolites such as volatile fatty acids that can 

limit the proliferation of pathogenic bacteria, stimulate immune function, and improve feed 

intake and digestion (Patterson and Burkholder 2003; Ajuwon 2016).  The growth promotion and 

feed efficiency effect of probiotics in chickens has been well documented (Awad et al. 2009; 
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Mountzouris et al. 2010; Molnar et al. 2011; Cao et al. 2013).  Adding a probiotic to feed and 

water showed a growth promoting effect in broilers up to 6 weeks of age (Mountzouris et al. 

2007).  Feeding probiotics has also been proven to reduce cecal E. coli and reduce cecal 

coliforms in broiler chickens (Jin et al. 1998; Mountzouris et al. 2007; Wang et al. 2017). 

Reduced mortality has been reported as the result of bacterial infection when chickens were fed 

Bacillus subtilis probiotic (Harrington et al. 2016).  The effectiveness of a probiotic to elicit a 

performance or immune response may be dependent on the strain of bacteria used in culture, the 

combination of different strains, the number of colony-forming units (CFU) supplied in the feed, 

the timing and frequency of application, the age of the bird, stress, and diet composition 

(Mountzouris et al. 2010; Mikulski et al. 2012; Yun et al. 2017).  Hutsko et al. (2016) reported 

that although two Bacillus-based probiotics were fed to turkey poults, the resulting effect on 

villus and crypt development was not the same.  An increase in villus height:crypt depth ratio 

(VH:CD) as a result of feeding probiotics is linked to improved growth performance in broilers 

(Awad et al., 2009).  It has been stated that the efficacy of a probiotic is dependent on the species 

ability to survive and colonize the gut in order to fully capitalize on the beneficial functions 

performed by these species (Jin et al. 1998).  The efficacy of probiotics relating to growth 

performance responses in broiler chickens is summarized in Table 2.4.   

2.9.3.2 Prebiotics  

Prebiotics are non-digestible carbohydrates such as mannanoligosaccharides (MOS) and 

fructooligosaccharides (FOS) that can influence the diversity of the microbial population as a 

result of selectively influencing the harmless or beneficial bacteria at the expense of pathogenic 

bacteria.  Prebiotics added to the diet of broiler chicks enhanced the population of Lactobacillus 

and Bifidobacterium while inhibiting or maintaining E. coli populations at a lower level in the 
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small intestine and cecal digesta (Xu et al., 2003).  The addition of a prebiotic therefore favors a 

balanced microbiome which then leads to good performance (Kogut 2017).  There have been 

conflicting reports regarding the performance benefits associated with feeding prebiotics.  

Although some researchers have reported an increase in growth performance and feed efficiency 

as a result of incorporating prebiotics in to the diet (Xu et al. 2003; Kridtayopas et al. 2019), 

others have been unsuccessful in reporting a similar growth response (Baurhoo et al. 2009; 

Houshmand et al. 2012).  The lack of a performance response when birds are fed prebiotics may 

be due to the sanitary conditions under which the birds are raised.  The true benefits of feeding 

prebiotics may only be expressed when birds are reared in commercial farms where a microbial 

challenge is present (Houshmand et al. 2012). 

Synbiotics are defined as the combination of probiotic and prebiotics together (Yang et 

al. 2009).  There have been several papers published on the performance benefits of feeding a 

combination of probiotics and prebiotics together (Awad et al. 2009; Wang et al. 2016; Wang et 

al. 2019b).  While other studies have reported that prebiotics and probiotics have no impact on 

improving broiler growth (Houshmand et al. 2011; Wang et al. 2019a).  Ajuwan (2016) reported 

that the inconsistent effect of probiotics and prebiotics is related to the species used in the 

product, timing of application, stress, environment, and antibiotic use.  It has been suggested that 

more research is required in these areas (Abdelrahman et al. 2014).   

2.9.3.3 Phytogenic Feed Additives 

 Phytogenic feed additives are a class of feed ingredient consisting of botanical 

components such as herbs, spices, and essential oils.  These types of additives have been 

researched due to their potential performance enhancing effects as well as their antimicrobial 

properties (Diaz-Sanchez et al. 2015; Santi Devi 2017).  Birds fed essential oils have resulted in 
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heavier body weights (Khattak et al. 2013), increased feed digestibility (Hernández et al. 2004), 

increased breast meat yield (Khattak et al. 2013), and increased feed intake and enzyme activity 

(Hashemipour et al. 2013).  However, the response of broilers to phytogenic feed additives may 

differ depending on the type and combination of additive (Cross et al. 2007; Mohiti-Asli and 

Ghanaatparast-Rashti 2017), dose (Oso et al. 2019), ingredients used in formulation, and 

environmental conditions (Lee et al. 2003).  Data shows variable application rates regarding the 

dose of phytogenic feed additives and concerns have been raised regarding possible toxicity as 

well as compromised performance when doses are too high (Timbermont et al. 2010). This 

category of feed additives includes a wide variety of ingredients with a limited understanding of 

their mode of action.  A summary of growth and physiological responses to common phytogenic 

feed additives used in poultry feed are summarized in Table 2.5.  

2.9.3.4 Organic acids 

Organic acids are a group of chemicals commonly referred to as fatty acids, volatile fatty 

acids or carboxylic acid with the general structure R-COOH (Dibner and Buttin 2002; Ricke 

2003).  Some common organic acids include: formic acid, acetic acid, propionic acid, butyric 

acid, lactic acid, sorbic acid, fumaric acid, 2-hydroxy-4-(methylthio) butanoic acid (HMB), malic 

acid, tartaric acid, and citric acid (Dibner and Buttin 2002).  The addition of organic acids to 

broiler feed has shown to increase weight gain and improve feed efficiency (Patten and 

Waldroup 1988; Skinner et al. 1991; Leeson et al. 2005; Adil et al. 2010; Kaczmarek et al. 

2016).  The performance benefits associated with feeding organic acids to poultry have been 

hypothesized to be the result of increased enzyme activity, enhanced amino acid digestibility, 

altered pH, and adjustments to the microbiome (Patten and Waldroup 1988; Moquet et al. 2018).  

Organic acids reduce upper gut pH thereby making the environment inhabitable by acid 
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intolerant bacteria.  Bourassa et al. (2018) found that adding formic acid to feed or water 

decreased Salmonella in the ceca.  The addition of organic acids to feed has been shown to 

reduce E. coli (Emami et al. 2017).  The combination of organic acids and medium chain fatty 

acids has been shown to increase Lactobacillus populations and decrease E. coli populations in 

excreta (Nguyen et al. 2018).  Feeding butyric acid to broilers was shown to alter the cecal 

colonization of Salmonella (Van Immerseel et al. 2005).  Commercially, butyric acid is available 

in the form of butyrate (calcium or sodium salt).  The metabolism of butyrate products will begin 

at the crop and continue through the upper GIT thereby limiting the amount of butyrate that 

makes it to the lower intestine (Kaczmarek et al. 2016).  Unprotected butyrate will exhibit its 

effects on the epithelial cells of the crop, proventriculus, and gizzard (Moquet et al. 2016).  New 

technologies have become available whereby the sodium or calcium salts are coated or 

encapsulated by plant-based triglycerides such as hydrogenated palm oil (Kaczmarek et al. 2016; 

Liu et al. 2019).  Encapsulation ensures that the butyrate can bypass the upper GIT and reach the 

lower intestinal tract where it can exhibit the greatest efficacy (Leeson et al. 2005; Van 

Immerseel et al. 2005; Liu et al. 2017).  Due to their antimicrobial properties, organic acids are 

able to modify the microbial community in the intestine (Broom 2015; Kiarie et al. 2016; Kiarie 

et al. 2018).  This may lead to a reduction in the number of pathogens that the mucous layer must 

defend itself from, allowing intestinal barrier function to be maintained.  

2.9.3.5 Betaine 

 Glycine betaine or betaine is the trimethyl derivative of the amino acid glycine.  It is well 

known for its osmoregulant properties and as a methyl group donor resulting in many studies 

investigating its impact on broilers challenged with coccidiosis (Augustine et al. 1997; Matthews 

and Southern 2000; Klasing et al. 2002; Metzler-Zebeli et al. 2009; Amerah and Ravindran 
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2015).  Researchers have hypothesized that betaine can protect the lining of the small intestine 

and thereby exhibit a protective effect in the face of a coccidia challenge as a result of 

maintaining villus integrity and structure (Kettunen et al. 2001; Metzler-Zebeli et al. 2009).  The 

addition of betaine to broiler feed  has also been shown to have an influence on intestinal 

morphology by decreasing crypt: villus ratio (Kettunen et al. 2001).  Research studying the 

impact of dietary betaine on birds challenged with coccidiosis report that the efficacy of some 

coccidiostats may be improved when used in combination with betaine supplementation 

(Augustine et al. 1997).  It is thought that the protective effects of betaine during a coccidiosis 

challenge is due to its osmoregulant properties whereby betaine accumulates in the intestinal 

cells and may offset the osmotic stress produced by diarrhea and dehydration caused by the 

invasion of coccidiosis (Fetterer et al. 2003).  

2.9.3.6 Cocktail blends 

Cocktail-like additives that include a combination of organic acids, oligosaccharides, and 

plant extracts are effective in influencing the microbiome as they have been shown to reduce 

cecal E. coli and Salmonella counts (Manafi et al. 2019).  Askelson et al. (2018) used an in-feed 

probiotic-enzyme blend to manipulate the chicken microbiome and increase lactic acid bacteria 

while reducing Clostridium.  Improvements in body weight gain and FCR have also been 

reported in birds fed probiotic-enzyme blends (Wealleans et al. 2017).  The effectiveness of 

cocktail blends depends on their synergistic effect to improve performance in the absence of 

AGP.  Products with different modes of action may work together to improve the stability of the 

microbiome.  However, the efficacy of such products may depend on their specific combination 

of additives as not all combinations will be effective in producing a response (Wang et al. 2016). 
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2.10 Challenges of application of research data in commercial production environments  

It is possible to raise broilers without the use of AGP, but the removal of antibiotics is 

associated with a reduction in performance (Gaucher et al. 2015).  The lost performance 

combined with the higher feed cost associated with the removal of AGP makes RWA production 

far less sustainable than conventional broiler production (Cervantes 2015).  Yet, these programs 

are currently utilized across Canada to meet a consumer demand for chicken that has been 

marketed as a healthier choice.  Although research on alternatives to antibiotics is ongoing, 

nothing has been identified that matches the efficacy of antibiotics (Smith 2011).  A single feed 

ingredient has yet to be employed as a full replacement to antibiotics for the prevention of NE 

and/or growth promotion (Dibner and Buttin 2002; Smith 2011).  Therefore, it is critical to apply 

a multifactorial approach which includes elevated management strategies, vaccination programs 

and a robust feeding strategy.  Table 2.6 summarizes strategies currently used in the production 

of commercial broilers raised without the use of antibiotics.  An ideal feeding program uses 

consistent feed ingredients that support gastrointestinal health and function to maximize 

digestion and absorption of nutrients while minimizing excretion of nutrients.  The end goal is 

the same regardless of the production system: to maintain good gut health while meeting 

performance and welfare objectives.  

An inability to produce a positive and consistent responses from antibiotic alternatives has 

been reported in studies done in research settings (Ajuwon 2016).  The notion held by the 

industry and regulators is that if a product shows efficacy in research conditions, then it should 

work in a commercial farm setting.  The limiting factor in such clean settings is the lack of 

exposure to exogenous bacteria and environmental stress that commercial birds would 

experience (Wang et al. 2016).  It has been stated that healthy chicks on a highly digestible diet 
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will fail to respond to dietary additives when reared under sanitary conditions (Lee et al. 2003). 

As a result, the response of birds to AGP alternatives raised under commercial farm settings 

remains unclear.  Studies done in a research setting may be too clean to truly evaluate the effect 

of alternative ingredients (Apajalahti et al. 2004; Kiarie et al. 2007; Baurhoo et al. 2009).  In this 

context, some researchers have suggested such evaluations be conducted under a commercial 

setting (Milbradt et al. 2014).  It is important to evaluate the true impact of alternative 

(antibiotic-free or reduced antibiotic) feeding programs on the overall health of commercial 

broilers because differences in research and commercial settings may be influencing the overall 

response of birds to such programs and the alternatives contained within them.  Consequently, 

data from university or institute settings may not be predictive of how these solutions work in 

commercial situations.  Moreover, research and development of alternative solutions such as feed 

additives rarely take the view that broilers in commercial production receive diets with a range of 

distinct additives. 

2.11 Variations between research at university and commercial settings 

Different stresses commonly experienced by birds living in commercial settings have been 

researched as triggers for intestinal damage.  These include heat stress, stocking density, and 

extended periods of feed withdrawal (Zhang et al. 2017; He et al. 2018; Goo et al. 2019). 

Chronic heat stress has been shown to decrease feed intake and overall growth performance 

which is correlated to damaged intestinal morphology and compromised barrier function (He et 

al. 2018).  Stocking density relates to the number of birds or number of kilos living in a defined 

amount of floor space.  The maximum stocking density for broiler chickens in Canada is 31 

kilograms per square meter of floor space (NFACC 2016).  As stocking density increases the 

ability of the birds’ intestine to act as a barrier against pathogens is decreased (Goo et al. 2019).  



 
 
 

38 

 

It has been hypothesized that the stress response decreases blood flow to the gastrointestinal tract 

leading to epithelial cell damage and malfunctioning tight junctions (Lambert 2009).  Extended 

periods of feed withdrawal have also been highlighted as a trigger for impaired intestinal barrier 

function (Zhang et al. 2016).  These types of stresses are not likely to be experienced in a tightly 

regulated research setting where all aspects of the environment are controlled but are likely to be 

experienced by birds reared under commercial conditions. 

Water quality is another important factor that should be considered in commercial settings.  

Canadian poultry producers will have access to water from various sources such as municipal, 

deep well, pond, rainwater, or combined sources stored in a cistern, and filtered, or sanitized to 

varying degrees or not at all.  Studies have reported that differing water sources and storage 

methods can contribute to altered water quality (Elsaidy et al. 2015).  Water can be a source of 

bacteria which may transmit enteric pathogens directly to livestock (Kemp et al. 2005; Doyle and 

Erickson 2006).  Contamination of the environment is inevitable due to exposure to wild birds, 

wild animals, agricultural run-off, and sewage effluent (Jones 2001).  As a result, deep well, 

pond or lake water may be especially vulnerable to bacterial contamination compared to tap 

water.  Mineral content of water is also influenced by source.  Deep well water is more likely to 

have higher levels of mineral contaminants compared to municipal sources which can contribute 

to flushing and wet litter (Koelkebeck et al. 1999).  The bacterial and mineral content of water is 

critically important and should be monitored regularly as they can impact overall performance 

(Barton 1996).  Birds reared in academic research settings may not experience the same variation 

or potential quality issues as birds reared in commercial settings.  Published research does not 

typically report water source.   
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 Commercial feed mills formulate poultry diets based on ingredient availability, price, and 

quality.  The stability of these parameters can be somewhat uncertain due to the fluctuations in 

the open markets.  In order to accommodate such fluctuations feed mills may alter their 

formulations every 7-10 days (Pathumnakul et al. 2011).  Consequently, birds reared under 

commercial conditions can experience many changes in their diet composition that are the result 

of unstable commodity markets and ingredient availability.  This can contribute to some 

inconsistency in feed from batch to batch.  These rapidly changing diets are not experienced by 

birds in research settings as they are often fed a test diet for a specified period.  These rapid 

swings in dietary composition experienced by birds reared in commercial settings may contribute 

to the onset of enteric diseases as diets may suddenly include less digestible ingredients, higher 

levels of NSP, varying levels of animal proteins or expose birds to higher levels of mycotoxins.  

 Due to the sanitary conditions associated with research settings, it has become common 

to stimulate a bacterial or coccidiosis infection by creating a challenge model whereby birds are 

exposed to high numbers of coccidial oocysts or bacterial using an oral gavage.  In order to 

stimulate this type of coccidiosis challenge, birds will receive an amplified dose of a coccidiosis 

vaccine containing live oocyts from Eimeria species (E. maxima, E. tenella, E. acervulina) 

(Kiarie et al. 2019; Leung et al. 2019; Wang et al. 2019b).  To simulate a bacterial challenge 

birds can receive an inoculum of C. perfringens or E. coli via oral gavage (Emami et al. 2017; 

Belote et al. 2018).  These types of challenge model may be limiting in its ability to produce 

consistent and reproducible results (Pedersen et al. 2003; Shojadoost et al. 2012).  It has been 

suggested that it is difficult to produce enteric diseases in research conditions due to inadequate 

knowledge of other predisposing factors (Pedersen et al. 2008).  As a result, it is very difficult to 

reproduce field conditions in a research setting.  It can be argued that the work done in research 
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settings to investigate feeding strategies associated with antimicrobial reduction also need to be 

evaluated in commercial settings whereby the true field challenges associated with commercial 

production can be employed as predisposing factors known to trigger enteric diseases.  There is 

interest in evaluating bird performance and overall health under commercial farm conditions.  

This has been supported in academia through the publication of some studies done in commercial 

settings (Diarrassouba et al. 2007; Bray et al. 2009; Gaucher et al. 2015; Parent et al. 2020). 

2.12 Summary and future perspectives  

The poultry industry is tasked with developing feed programs that maintain optimal gut 

health while meeting performance and welfare objectives under the challenging environments 

experienced by birds in a commercial operation.  Research has proven that feeding programs, 

specific ANF, and ingredients are influencing overall growth rate and feed efficiency while 

having a strong effect on the diversity of the microbiota.  Antibiotics are proven to produce 

relatively consistent performance results while preventing enteric diseases.  However, alternative 

ingredients such as probiotics, prebiotics, essential oils, and organic acids designed to replace 

antibiotics are not producing results with the same degree of consistency.  Furthermore, these 

dietary concepts have typically been investigated as stand-alone strategies and are being applied 

within the poultry industry to support broiler chicken markets with varying use of antibiotic 

applications.  There is limited information on the application of these concepts as part of a 

commercial gut health management program throughout the life of a flock.  Consequently, there 

is a gap in the research regarding the combination of commodity ingredients and feed additives 

that could be used synergistically in feeding programs to support the bird without the reliance on 

antibiotics.  To date most of the research has been done in highly controlled research settings 

which may be limiting the beneficial effects of antibiotic alternatives as there are gaps regarding 
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the efficacy of such ingredients under more realistic commercial conditions.  The consumer 

demand for meat-protein produced without the reliance on antibiotics will continue to pressure 

the industry to further reduce and eliminate more classes of antibiotics.  Therefore, the scope of 

this thesis was to focus on comparative data on indices of growth performance, meat yield, blood 

biochemistry, body composition, and intestinal morphology of broiler chickens raised on 

conventional and alternative gut health management programs in commercial and research 

settings.  As a result, the research conducted as part of this thesis will benchmark performance 

and health parameters of broiler chickens reared on alternative gut health management programs 

thereby providing the poultry industry with an improved understanding of how alternative gut 

health management programs that use a synergistic application of alternative ingredients in 

realistic diets can lead to the successful replacement of AGP.     
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Table 2.1: Categories of Antibiotics in Canada 

  

 

  

Category Category 

Criteria 

Antimicrobial 

Family 

Examples of Product Names 

I- Very High 

Importance 

Essential for 

serious human 

infections and 

limited or no 

alternatives 

available 

Cephalosporins, Ceftiofur (Excenel) 

Fluoroquinolones Baytril 

II- High Importance Essential for 

treating serious 

human 

infections and 

few alternatives 

available 

Amingoglycosides Gentamicin 

Lincosamides Lincomycin, Linco-Spectin 

Macrolides Tylan 

Penicillins Pot-Pen, Pennicillin G 

Procaine 

Streptogramins Stafac, Virginiamycin 

Diaminopyrimidines Uniprim  
III- Medium 

Importance 

Important for 

treating human 

infections and 

alternatives 

generally 

available  

Bacitracins Albac, BacitracinMD, 

BMD110 

Sulphonamides Sodium sulfamethazine, 

Sulphaquinoxaline 

Tetracyclines Aureomycin, Oxy, Neo-

Tetramed 

IV - Low 

Importance 

Not used for 

humans 

Flavophospholipids Flavomycin 

Ionophores Avatec, Aviax, Bio-Cox, 

Coban, Coxistac, Cygro, 

Maxiban, Monensin, 

Monteban, Rumensin, 

Salinomycin, Sacox 

Uncategorized   Orthosomycin Avilamycin 

(CFC 2018)    
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Table 2.2: Approved medicated ingredients for broiler chickens 

Item Product Category Active Ingredient 

Prevention of coccidiosis     
Avatec20 Ionophore Lasalocid Sodium 

Aviax Medicated premix Ionophore Semduramicin 

Sodium 

Coban Ionophore Monensin Sodium 

Monensin Ionophore 

Rumensin Ionophore 

Coxistac 6% Ionophore Salinomycin 

Sodium Sacox120 Ionophore 

Coxistac 12% Ionophore 

Salinomycin 60 Ionophore 

Biocox 120 Ionophore 

Maxiban Ionophore 

and 

Chemical 

Narasin & 

Nicarbazin 

Monteban Ionophore Narasin    

Clinacox 0.5% Chemical Diclazuril 

Deccox 6% Premix Chemical Decoquinate 

Nicarb 25% Chemical Nicarbazin 

Robenz Chemical Robenidine 

Hydrochloride 

Stenorol Chemical  Halofuginone 

Hydrobromide 

Coyden 25 Chemical Clopidol 

Zoamix Chemical Zoalene  

    

Prevention of Necrotic 

Enteritis  

BMD 110  Bacitracin 

Methylene 

Disalicylate 
 

BacitracinMD  

Albac110 Zinc Bacitracin 

Premix 

 Zinc Bacitracin  

Zinc Bacitracin 110  

Surmax  Avilamycin  

Improved weight gain and 

feed efficiency 

Flavomycin 4 antibiotic 

premix 

 Bambermycin 

(CFIA 2020) 
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Table 2.3: Classes and mode of action of antimicrobials used in Canadian animal 

agriculture 

Antimicrobial 

Family 

Category of 

Importance 

relative to human 

medicine 

Mode of Action Reference 

Cephalosporins I Inhibit cell wall 

synthesis and stops cell 

growth 

(Ghuysen et al. 1979) 

Quinolones I Inhibits DNA 

replication 

(Georgopapadakou et al. 

1989; Drlica et al. 2008)  

Aminoglycosides II Inhibits protein 

synthesis 

(Udumula et al. 2013) 

Lincosamides II Inhibit protein 

synthesis 

(Tenson et al. 2003) 

Macrolides II Inhibits protein 

synthesis 

(Tenson et al. 2003) 

Penicillins II Inhibits cell wall 

synthesis. Disrupts 

crosslinking in cell wall 

leading to cell death 

(Kaufmann 1964;  

Oka 1976) 

Streptogramins II Inhibits protein 

synthesis 

(Tenson et al. 2003) 

Diaminopyrimidines II Inhibits folate synthesis (Bockstael and Van 

Aerschot 2009) 

Bacitracins III Inhibits cell wall 

synthesis 

(Bockstael and Van 

Aerschot 2009; Sugimoto 

et al. 2017) 

Sulphonamides III Inhibits folate synthesis (Bockstael and Van 

Aerschot 2009) 

Tetracyclines III Disrupts protein 

synthesis 

(Brock 1963) 

Flavophospholipids IV Inhibits cell separation (Sugimoto et al. 2017) 

Ionophores IV Disrupts cation 

transport across the cell 

membrane 

(Běhal 2006; Chapman et 

al. 2010) 

Orthosomycin uncategorized Disrupts protein 

synthesis 

(Kofoed and Vester 2002; 

Krupkin et al. 2016) 

  



 
 
 

45 

 

Table 2.4: Performance response of in-feed probiotics relative to a negative control 

Species 
Concentration in 

feed 

Diet 

Composition 

Performance 

Response 
Reference 

Bacillus subtillis 

(DSM17229) 

  

8x108 cfu kg-1  corn, soy, 

meat meal 

increased BWG, 

improved FCR 

(Harrington 

et al. 2016) 

Bacillus subtillis  

(29784)  

1x108 cfu kg-1  corn, soy increased BWG, 

improved FCR 

(Jacquier et 

al. 2019)  

Bacillus subtillis 

(PB6)    

2.7x108 cfu kg-1 corn, soy increased BWG, 

improved FCR 

(Jayaraman 

et al. 2017)  

Bacillus subtillis 

(CHCC3810-

DSM17299) 

  

7.27x1011 cfu kg-1  

7.27x1012 cfu kg-1 

7.27x1013 cfu kg-1 

7.27x1014 cfu kg-1  

corn, soy, 

wheat 

increased BWG, 

improved FCR 

(Molnar et al. 

2011)  

Bacillus subtillis 

(strain not specified)  

2x1012 cfu kg-1 corn, soy, 

sunflower 

cake 

improved FCR (Ramlucken 

et al. 2020) 

Bacillus subtillis  

(DSM17299) 

8.8x1011 cfu kg-1  corn, soy, 

corn DDGS, 

wheat bran 

improved FCR (Reis et al. 

2017) 

Bacillus subtillis  

(3 strains not specified)  

3x108 cfu kg-1  corn, soy, 

meat meal 

increased BWG,  

improved FCR 

(Wang et al. 

2016)  
Bacillus subtillis 

(3 strains not specified) 

7.5x107 cfu kg-1   wheat, 

barley, rye, 

soy 

no response on 

BWG, FCR 

Waititu et al. 

2014 

Propionibacterium 

acidipropionici 

7.5x107 cfu kg-1   no response on 

BWG, increased 

FCR 

 

5-strain product: 

Lactobacillus reuteri 

(DSM16350), 

Enterococcus faecium 

(DSM16211), 

Bifidobacterium 

animalis(DSM16284), 

Pediococcus 

acidilactici(DSM1621), 

Lactobacillus 

salivarius(DSM16351)  

1x108 cfu kg-1 corn, soy increased BWG, 

improved FCR 

(Mountzouris 

et al. 2010) 

1x109 cfu kg-1  no response on 

BWG or FCR 
 

1x1010 cfu kg-1  no response on 

BWG or FCR 

3-strain product 0.2% inclusion  corn, soy slight 

improvement in 

BWG and FCR  

(Yun et al. 

2017) Bacillus spp. 1x109 cfu  

Lactobacillus spp. 1x108 cfu  

Aspergillus niger 1x107 cfu  
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Table 2.5: Performance response of common phytogenic feed additives used in poultry feed 

Phytogenic Blend Performance Response Reference 

Aerva lanata Decreased mortality 

Increased growth 

Increased intestinal morphology 

  

(Oso et al. 2019) 

Piper betle 

Cynodon dactylon 

Piper nigrum 

   

Thymol  Improved body weight gain 

Enhanced enzyme activity 

Improved immune response 

Decreased lipid oxidation 

Reduced inflammatory response 

(Hashemipour et al. 2013; 

Du et al. 2016)  Carvacrol 

  

  

  

   

Oregano Increased goblet cells and enhanced 

pathogen barrier 

  

(Reisinger et al. 2011)  

Anise 

Citrus peel 

   

Basil Increased body weight gain 

  

(Khattak et al. 2013)  

Caraway 

Laurel 

Lemon 

Oregano 

Sage 

Tea 

Thyme  

   

Thymol  No performance benefits 

  

(Lee et al. 2003)  

Cinnamaldehyde 

   

Thymol  Increased growth performance 

Decreased drip loss 

Increased fecal Lactobacillus 

(Mohammadi Gheisar et al. 

2015)  Vanillin 

  

   

Oregano oil No performance benefit 

Antioxidant effect 

(Botsoglou et al. 2002)  

  

   

Thymol  No performance benefit 

Increased digestive enzyme activity 

(Jang et al. 2007; 

Haselmeyer et al. 2015)    

   

Thyme  Individual herbs evaluated with variable 

response 

  

(Cross et al. 2007)  

Oregano 

Marjoram 

Rosemary 

Yarrow 
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Table 2.6: Strategies used in commercial broiler diets in the absence of antibiotic growth 

promoters 

Feed Strategy Example Reference 

Maximize nutrient 

digestibility  

High quality ingredients (Loar et al. 2010; Cervantes 

2015) 

Limited wheat/barley/rye (MacAuliffe and McGinnis 

1971; Annett et al. 2002; 

Tellez et al. 2014; Broom 

2017) 

Enzyme application (Brenes et al. 1993; Bedford 

2000a; Kiarie et al. 2014; 

Munyaka et al. 2016)  

Phytogenic feed additives (Hernández et al. 2004; Diaz-

Sanchez et al. 2015; Oso et al. 

2019) 

Manage gut microbiome High quality ingredients (Perez et al. 2011; Cervantes 

2015; Shang et al. 2020) 

All vegetable diet (Wilkie et al. 2005; Wise and 

Siragusa 2007; Zanu et al. 

2020) 

Limited mycotoxin exposure (Cravens et al. 2013; 

Antonissen et al. 2015; 

Cravens et al. 2015) 

Probiotics/Prebiotics (Patterson and Burkholder 

2003; Xu et al. 2003; 

Baurhoo et al. 2009; 

Abdelrahman et al. 2014; 

Mohammadigheisar et al. 

2020) 

Betaine (Kettunen et al. 2001; 

Amerah and Ravindran 2015) 

Phytogenic and phenolic 

compounds 

(Diaz-Sanchez et al. 2015; 

Park and Kim 2018; Das et al. 

2020) 

Organic Acids (Emami et al. 2017; Bourassa 

et al. 2018; Nguyen et al. 

2018) 

Improved immunity Vaccine  (Chapman 2014; Ritzi et al. 

2016) 
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CHAPTER 3    

HYPOTHESIS AND OBJECTIVES 

3.1 Hypothesis  

The reduction or elimination of antibiotics is not having a negative impact on performance, bird 

health parameters, physiology, or diseases because gut health management programs are 

designed with a multifactorial approach using strategies proven to support the bird in the absence 

of antibiotics. 

3.2 Objectives 

3.2.1 General objective  

Benchmark growth performance and health parameters of broiler chickens reared on gut health 

management programs with varying degrees of antibiotic use. 

3.2.2 Specific objectives 

1. Determine the impact of gut health management programs on performance and meat 

quality in broiler chickens reared under commercial and research settings. 

2. Determine the impact of gut health management programs on gut physiology, intestinal 

morphology, and cecal short chain fatty acid profiles in broiler chickens reared under 

commercial and research settings. 

3. Determine the impact of gut health management programs on plasma biochemical 

profiles and tibia attributes in broiler chickens reared under commercial and research 

settings. 

4. Determine if correlations exist between parameters evaluated throughout the studies.  
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CHAPTER 4 

COMPARATIVE IMPACT OF CONVENTIONAL AND ALTERNATIVE GUT 

HEALTH MANAGEMENT PROGRAMS ON GROWTH PERFORMANCE AND 

BREAST MEAT QUALITY IN BROILER CHICKENS RAISED IN COMMERCIAL 

AND RESEARCH SETTINGS2 

4.1 ABSTRACT 

Consumer and regulatory pressure continue to drive the poultry industry to reduce the use 

of antibiotics due to concerns surrounding antimicrobial resistance in human medicine.  

Consequently, gut health management programs have been developed to facilitate production of 

chicken with less reliance on antimicrobials.  The objective of this study was to evaluate whether 

conventional and alternative gut health programs paired with antibiotic removal were impacting 

growth performance and breast meat quality in broiler chickens reared under commercial (study 

1) and research settings (study 2).  A total of 1,159,908 broilers were reared on one of 3 gut 

health management programs: 1) conventional (CON), where some medically important 

antibiotics (MIA) are allowed, 2) raised without MIA (RWMIA), and 3) raised without 

antibiotics (RWA).  Studies showed no statistical differences for body weight, feed intake, feed 

conversion ratio (FCR) or total mortalities among birds reared on the three programs.  In 

commercial settings, total condemnations were significantly lower in birds reared on the CON 

program compared to birds reared without MIA.  Breast weight (g/100g BW) was lower in birds 

on the RWA program under commercial conditions, however the same effect was not observed 

under research conditions.  The RWMIA program had the highest breast weight in both studies 

and demonstrated the lowest incidence of breast meat myopathies in research settings.  These 

 
2 Bean-Hodgins, L., Mohammadigheisar, M., Edwards, A.M., Wang, C., Barbut, S., and Kiarie, 

E.G. 2022. Comparative impact of conventional and alternative gut health management programs 

on growth performance and breast meat quality in broiler chickens raised in commercial and 

research settings. J. Appl. Poult. Res. 31: 100228. 
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results suggest that growth performance was similar among programs and that the strategies 

employed in the absence of antibiotics are effective in maintaining overall performance.  

Differences in breast meat attributes among programs warrants further study. 

4.2 INTRODUCTION 

There is a worldwide concern that antibiotics used for human medicine are no longer as 

effective in treating diseases.  One of the perceived factors contributing to antimicrobial 

resistance is the use of antibiotics in food producing animals (Castanon 2007; Bray et al. 2009; 

Diarra and Malouin 2014).  Consequently, the poultry industry has been mandated to reduce and 

eliminate antibiotics that have historically been used prophylactically in broiler production.  As 

the industry moves away from the use of antibiotics there are concerns that raising broilers 

without antibiotics could contribute to the increased occurrence of enteric diseases, causing poor 

digestibility, reducing performance, increasing mortality, decreasing breast meat yield, and 

increasing condemnations at the processing plant (Gaucher et al. 2015; Kiarie and Mills 2019; 

Wang et al. 2019a).  As a result, nutritionists, veterinarians, hatcheries, processors, and chicken 

producers have shifted their focus towards developing feeding and management strategies that 

support gut health and enable functioning with less reliance on antibiotics.   

Feed ingredients such as enzymes, probiotics, prebiotics, phytogenic feed additives, 

polyphenol extracts, organic acids, and betaine have been reported as potential strategies that 

support the microbial community and intestinal physiology (Jin et al. 1998; Kettunen et al. 2001; 

Xu et al. 2003; Van Immerseel et al. 2005; Awad et al. 2009; Diaz-Sanchez et al. 2015; Wang et 

al. 2017; Bourassa et al. 2018; Das et al. 2020).  While these products have shown some degree 

of efficacy regarding the modification of the microbial community, their impact has been 

inconsistent (Yang et al. 2009; Houshmand et al. 2011; Broderick et al. 2021).  Single 
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ingredients are typically evaluated as alternatives to antibiotics which could cause some 

inconsistencies regarding their reported efficacy.  Studies evaluating co-administration of 

synergistic feed additives, as part of a gut health management program are scarce (Broderick et 

al., 2021).  However, when nutritionists are tasked with developing “gut friendly” diets for birds 

reared under challenging commercial conditions, diets are formulated using a multifactorial 

approach incorporating a variety of additives with complimentary modes of action.  The intent of 

using a multifactorial approach (when formulating alternative gut health management programs) 

is to reduce the variability in the performance response when antibiotics are removed.  

In Canada and elsewhere, antibiotic products or their analogues are categorized as having 

some level of importance to human medicine (Bean-Hodgins and Kiarie 2021).  The Canadian 

poultry industry has mandated a ban on several medically important antibiotics (MIA) for 

prophylactic use which has led to the movement away from traditional antibiotic approaches to 

gut health.  Commercial broilers are commonly reared using gut health management programs 

that permit the use of some MIA, while some programs use no antibiotics at all.  In the absence 

of antibiotics, these programs employ functional feed additives to support a balanced microbial 

community.  However, there is a gap in research regarding the evaluation of gut health 

management programs utilizing the co-administration of functional feed additives to support gut 

health in the absence of antibiotics.  Highly controlled research settings may also be limiting the 

impact of these strategies due to the lack of a real microbial challenge, nuances akin to farm 

conditions and therefore, evaluation under more realistic conditions is warranted (Baurhoo et al. 

2009; Morales-López et al. 2009).  It was hypothesized that commercial gut health management 

programs will result in equal performance as a result of the co-administration of complimentary 

strategies proven to support gut health in the absence of antibiotics.  Therefore, the objective of 
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this study was to evaluate the effects of gut health management programs on performance and 

breast meat quality in broiler chickens reared in commercial farms across six consecutive flocks 

(study 1) and controlled research settings (study 2).  

4.3 MATERIALS AND METHODS 

The experimental protocol was reviewed and approved by the University of Guelph Animal 

Care and Use Committee and birds were cared for in accordance with the Canadian Council on 

Animal Care (CCAC, 2009). 

4.3.1 Birds and Housing 

In study 1, nine commercial broiler chicken farms (designated A to I) were recruited in 

the province of Ontario, Canada for the year-long study.  Broilers were placed in solid-walled 

commercial broiler barns at a maximum stocking density of 31kg/m2.  The average number of 

birds per flock per farm was as follows A:15,946, B:21,182, C:30,276, D:13,991, E:21,760, 

F:22,049, G:28,050, H:26,273, and I:25,628.  The farms were fitted with automated feeding 

systems allowing access for 48 birds per feeder (maximum) and nipple drinkers allowing for 20 

birds per nipple (maximum).  A total of 1,157,604 chickens were processed over 6 consecutive 

flocks produced during this trial.  Two strains of broiler chickens (mixed sex) were placed 

throughout the study representing the most common strains reared in Canada (Ross 708 and 

Cobb 500).  Four hatcheries provided chicks to the farms.  One company manufactured feed and 

four processing plants slaughtered chickens at market age.  All birds were vaccinated at the 

hatchery for Marek’s disease and Bronchitis.  Birds were reared under standard commercial 

industry practices as per the minimum standards laid out in the Chicken Farmers of Canada’s 

Animal Care Program (CFC 2018).  Fresh, clean, dry, and absorbent beddings (chopped straw or 

wood shavings) were installed at placement with every flock.  Water source ranged from 
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municipal to drilled well and pond water.  Birds were housed in environmentally controlled 

facilities at temperatures between 29℃ and 35℃ at placement.  Temperatures were then 

gradually lowered by 2℃ to 3℃ per week to achieve an eventual target of 23℃ by d 35.  Birds 

were given a minimum of 4 h consecutive darkness with a maximum intensity of 1 lux by d 4.  

Relative humidity was targeted at 50-70% and CO2 was targeted below 3000ppm.  Feed, water, 

ventilation, heating, and lighting systems were monitored daily.  Dead and culled birds were 

recorded daily.   

In study 2, a total of 2,304 day-old Ross 708 chicks (equal males and females) were 

obtained from a commercial hatchery (Maple Leaf Poultry, New Hamburg, Ontario, Canada) and 

were weighed and allocated based on initial body weight and sex to 48 floor pens (48 birds/pen) 

equipped with fresh wood shavings.  All birds were vaccinated at the hatchery for Marek’s 

disease and Bronchitis.  Each pen provided 4.3m2 of space thereby housing birds at a maximum 

density of 29kg/m2.  Each pen was equipped with nipple drinkers allowing access for 10 birds 

per nipple and one manual bucket feeder allowing access for 48 birds per feeder with an 

estimated capacity of 10kg of feed.  Room temperature was set at 32℃ at placement and was 

gradually decreased to 27℃ by d 14.  Fluorescent lighting was provided and was set at 20+ lux 

from placement to d 3.  Hours of darkness were gradually increased to 6 h by d 3.  From d 4 to 

the end of the experiment, birds received 16 h of light (10-15 lux) and 8 h of darkness.  Water 

source was a drilled well where water was pumped from a single location to the entire research 

facility.  Sampling for bacterial analysis took place once over the duration of study 2; samples 

were taken by a third-party company from various points on the property.  
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4.3.2  Diets and medication programs 

Birds were reared under one of three commercial gut health management programs 1) 

conventional (CON), where some MIA are allowed, 2) raised without MIA (RWMIA), and 3) 

raised without antibiotics (RWA).  The diets were formulated for a 3-phase feeding program: 

starter (d 0 to 14), grower (d 15 to 28), and finisher (d 29 to harvest) based on breeder guidelines 

and optimized for commercial practices (Table 4.1) (Cobb-Vantress 2018; Aviagen 2019a).  For 

study 1, diets were manufactured in a fine/medium crumbled form for the starter phase, a coarse 

crumb for the first half of the grower phase and then transitioned to a pellet at approximately d 

19 until the birds were marketed.  For study 2, due to the smaller volume of feed required, diets 

were manufactured with a specific texture for the entirety of each phase.  Therefore, diets were 

manufactured as a fine crumble for the starter phase, a coarse crumble for the grower phase and a 

pellet for the finisher phase.  The commercial feed was provided by New-Life Mills (Cambridge, 

Ontario, Canada) and was produced at their Feed Assure™ and Hazard Analysis Critical Control 

Points (HACCP) certified manufacturing sites for both studies.  This certification ensures that a 

robust feed safety program is in place to minimize risks and prevent any cross contamination 

between medicated feeds to guarantee products are safe for consumption.  From placement to 

slaughter the CON and RWMIA programs utilized varying degrees of antibiotic for prevention 

of necrotic enteritis and coccidiosis as prescribed by a licensed veterinarian.  In both studies, all 

birds enrolled in the RWA program received anticoccidial vaccine at the hatchery (CoccivacB).  

Details of the medication rotation used in study 1 are outlined in Table 4.2.  In study 2, the CON 

program had bacitracin in all phases (110ppm in starter and 55ppm in grower and finisher 

respectively) and RWMIA had avilamycin (20ppm) in starter and grower phases.  For 

coccidiosis prevention, CON had nicarbazin (125ppm) in the starter and narasin (70ppm) for the 



 
 
 

55 

 

remaining phases while RWMIA had nicarbazin (50ppm) and salinomycin (48ppm) in starter 

and grower phases and narasin (70ppm) in the finisher phase.  Feed additives for modulating 

gastrointestinal environment for performance and food safety were used in RWMIA and RWA 

programs (Table 4.1).  Feed samples were procured after manufacturing and stored in sealed 

bags at room temperature until required for analyses.   

4.3.3 Experimental procedures and sampling 

In study 1, one of the three gut health management programs was assigned to 3 farms. 

The CON program included Farms A, B, and C, RWMIA included Farms D, E, and F and RWA 

included Farms G, H, and I.  Feed and water were provided ad libitum.  The average placement 

body weight of chicks was assumed to be within the range of 42 to 43 g as per the commercial 

standards reported for Ross 708 and Cobb 500 broiler chicks (Cobb-Vantress 2018; Aviagen 

2019b).  Total feed consumed was retrieved from the feed mill closeout reports for specific farm 

deliveries.  Birds had their feed pans removed approximately 6 hours prior to harvest to ensure 

their gastrointestinal tract would be empty by the time of processing.  Water access was removed 

as harvest commenced.  At harvest, birds were caught by hand, placed in crates, and counted.  

The bird count is the final determination of total birds shipped.  Birds were then transported to 

the processing plant at which time the truckload was weighed.  The loaded tractor trailer weight 

(minus the empty trailer weight) was divided by the final bird count per truck to determine the 

average body weight at slaughter.  Body weight at slaughter and total condemnations (%) were 

retrieved from the processor closeout reports.  Condemnations represented the carcasses that 

were downgraded due to defects as per Canadian Food Inspection Agency regulations.  

Examples of condemnations include dead on arrival, air sacculitis, cellulitis, ascites, hepatitis, 

bruising, and emaciation (Chowdhury and Morey 2020).  Age at slaughter (days) was determined 
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as per the processing plant requirement and ranged from d 35 d to d 50 depending on the target 

market weight.  Eight visually normal birds were randomly selected at d 28 across eight sections 

within each barn to ensure uniform representation of each flock.  Sampled birds were placed in 

cardboard animal boxes (4 birds per box) and transported via car for approximately 150 km to 

the University of Guelph (Guelph, Ontario, Canada).  Birds did not have access to feed or water 

during transport.  Birds were euthanized via cervical dislocation, weighed, and dissected within 2 

h of their arrival at the University.  One breast fillet including tender was excised from each bird 

and weighed.   

Three water samples were collected per farm throughout the year.  Briefly, the samples 

were taken inside the grow-out area at the bird level and collected into separate sterile containers, 

stored in a cooler and submitted to a commercial laboratory (Activation Laboratories, Ontario, 

Canada) within 24 hours of collection. 

In study 2, 48 pens were housed over 4 adjacent environmentally controlled rooms with 

12 pens per room.  The three gut health management programs were allocated to pens containing 

either male or female chicks in a completely randomized block (room) design resulting in 8 

replicates per sex and program combination.  Birds had free access to feed and water throughout 

the experiment.  Body weight and feed intake were monitored by phase.  Dead and culled birds 

were recorded daily for each pen and their BW was recorded.  Mortality represented all birds that 

were either found dead or were culled due to illness, lameness, or injury as per Arkell Poultry 

Station animal care standard operating procedures.  Two birds per pen were randomly selected 

on d 28 and d 41, euthanized, weighed, dissected, and breast weight evaluated, as described for 

study 1.  Breast samples were further evaluated by a single trained researcher for the presence of 

myopathies.  Fillets were visually rated based on three types of myopathies: white striping (WS), 
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spaghetti meat (SM), and wooden breast (WB).  Each breast was visually evaluated, and the 

presence or absence of myopathies were recorded.  A numerical scoring system was used to 

classify each breast based on the absence, moderate presence, or severe presence for each of the 

myopathies as described by Wang (2021).  Wooden breast was characterized using the following 

scoring system: 0 represented no WB; 1: some degrees of hardening on the breast (commonly on 

cranial part); 2: breast meat exhibits a high degree of hardening and sometimes also pale in color 

with a presence of hemorrhages.  Fillets affected by WS were evaluated as: 0 - no observable 

striping; 1: very thin striping on the fillet; 2: presence of striping (> 1mm).  Finally, SM was an 

evaluation of the degree of separation of muscle fibres where a score of 0 indicates no separation 

of muscle tissue, and 1 indicates separation and/or a tendency of separation of the muscle tissue.  

4.3.4 Sample processing and analyses 

Feed samples were finely ground and submitted for analyses in a commercial laboratory 

(Activation Laboratories, Ontario, Canada). Samples were analyzed for dry matter (DM; 930.15) 

and crude protein (CP; 990.03) according to AOAC (2005).  Crude fat (Am5-04) and crude fibre 

(Ba 6a-05) according to AOCS (2005).  Feed samples were digested at a high temperature 

followed by acid digestion; the concentrations of calcium (Ca), total phosphorus (P), and sodium 

(Na) were determined using inductively coupled plasma – optical emission spectrometry (ICP-

OES.  Thermo Jarrell Ash Corporation, Franklin, MA).  Feed samples were also analyzed for 

deoxynivalenol (DON) and zearalenone using LC-MS/MS method in a commercial laboratory 

(Mwaniki et al., 2021).  Gross energy (GE) was determined using a bomb calorimeter (IKA 

Calorimeter System C 5000; IKA Works, Wilmington, NC) (Mohammadigheisar, et al. 2020).  

Water samples from study 1 were submitted for chemical and bacterial analysis (991.14) 

according to AOAC (2005).   
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4.3.5 Calculations and statistical analyses 

For study 1, the average BW was calculated from the processing data using the 

following:  Weight of chicken shipped/ Total number of birds shipped.  To estimate the total feed 

consumed during the entire growing period the leftover feed at the end of the flock was 

subtracted from total feed delivered to the farm.  Estimated feed intake per bird, was calculated 

as total feed consumed divided by the number of birds shipped.  The total feed consumed was 

divided by total chicken weight at slaughter from processors record to derive feed conversion 

ratio (FCR).  Condemnations were recovered from the data at processing and percent 

condemnations calculated as [(Total weight chicken shipped – Total weight of salable 

chicken)/Total weight of chicken shipped]*100.  Total mortality (%) was recovered from farm 

data at processing and calculated as [(Total birds placed - Total birds shipped)/Birds 

placed]*100.  Therefore, total mortality represents the sum off all birds that died of natural 

causes or were culled due to illness, lameness, or injury among other causes at the farm.  For 

study 2, body weight and feed intake were monitored on d 0, 14, 28, and 42 for calculation of 

BWG and FCR.  The FCR of each phase was corrected for mortality while overall FCR (d 0-42) 

was not corrected.  The total occurrence of breast fillets showing WB, WS, and SM in study 2 

was calculated based on the score given for severity (absent, moderate, and severe) and reported 

as a percentage of the total breasts examined.  Breast weight for both studies was reported as 

g/100g of BW.   

For study 1, data were analyzed using a Generalized Linear Mixed Model ins SAS where 

the model had program as a fixed effect and farm was considered a random effect (SAS 9.4; SAS 

Institute Inc., Cary, NY).  The farm within program and the flock within the farm were also 

considered random effects.  Slaughter age (days to market) was used as a covariate.  For study 2, 
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data were analyzed using ANOVA analysis with sex, program, and associated interactions as 

fixed variables in R statistical software (R Core Team 2020).  Tukey-Kramer adjustment was 

used to separate LSMeans.  Statistical significance was declared at P < 0.05.  A statistical trend 

towards significance was considered at P < 0.10. 

4.4 RESULTS AND DISCUSSION 

Table 4.3 shows the analyzed nutrient composition for each gut health management 

program diet.  The concentrations of DM, GE, Ca, Na, and chloride were comparable.  The CP 

of the RWA program tended to be lower than the other programs in the grower phases.  This was 

expected in the grower phase as the calculated provision for CP was set 1% lower than the other 

programs to ensure birds were not fed excessive protein, which could contribute undigested 

protein to the terminal ileum, thereby providing nitrogen as a source of fermentation to bacteria 

residing in the hindgut.  In the absence of antibiotics, feeding excessive protein becomes more of 

a concern as this can influence the ceca microbiota and trigger enteric diseases (Broom, 2017; De 

Cesare et al., 2019).  Total P tended to be lower in the RWA gut health management program 

compared to the other programs which was expected due to the higher available phosphorus 

release attributed to the application of phytase enzyme at 1500 FTU/kg.  Crude fibre was lower 

for the RWMIA, and RWA gut health management programs compared to CON.  This was 

expected due to the higher inclusion of wheat products in the CON diet.  Wheat products were 

more restricted in the RWMIA and RWA diets in order to mitigate bird exposure to the non-

starch polysaccharides contained in wheat that are known to make birds more vulnerable to 

enteritis and gut health infection.  In gut health management programs like RWMIA and RWA, 

it is important to restrict ingredients like wheat products that are known to be a precursor for 

enteric diseases (Kiarie et al. 2013; Cervantes 2015).   
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Study 1 utilized diets composed of corn harvested in 2018 and 2019.  The DON analyses 

of 2018 corn revealed a greater incidence of mycotoxin contamination than previous years.  

Overall, only 60% of the corn sampled in 2018 was below 2 ppm DON (OMAFRA 2018).  In 

2019 conditions were much improved with 95% of grain corn testing below 2 ppm DON 

(OMAFRA 2019).  Table 4.3 reports the analyzed composition of DON and zearalenone (mean ± 

SD) in the experimental diets over the year-long study.  Due to the high DON levels in the grain 

corn for the 2018 crop year, all gut health management programs included a yeast-based 

mycotoxin binder as part of their feed formulation from May 2019 to December 2019.  This was 

standard practice when the analyzed composition of the diet was > 2ppm DON.  Once 2019 

harvested corn was received and the analyzed diet composition was < 2ppm DON, the 

mycotoxin binder was removed from the programs.  Study 2 utilized diets solely composed of 

corn harvested in 2019 and as a result, a mycotoxin binder was not required in any of the 

programs.  

Table 4.4 shows the water chemical analysis for study 1.  Average pH among farms 

ranged from 7.3-7.7 and E. coli and total coliforms were < 1 CFU/mL.  Overall, the water 

samples were within the acceptable levels as per the water quality standards for poultry (Aviagen 

2018; Tabler 2019).  While some higher concentrations were observed for iron and manganese, 

performance should not have been impacted, however these minerals may influence taste or 

visual appearance of the water.  Higher values for magnesium (> 125ppm) and sulfates (> 

1,000ppm) in the CON birds could contribute to flushing in the barn (Aviagen 2018).  The farms 

utilizing a drilled well are more likely to experience a higher mineral content as deep well water 

is more likely to have higher levels of mineral contaminants compared to other sources 

(Koelkebeck et al. 1999).  In study 2, the bacterial counts for E. coli and total coliforms were 0 
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CFU/mL in the water sample from this research facility.  Chemical analysis was not completed 

for this facility.  

4.4.1 Growth performance 

 Table 4.5 shows the 6-flock cumulative BW, FI, FCR, total mortality, and condemnations 

in study 1.  Although not significant (P = 0.299), the CON group were 0.27kg (9.7%) heavier 

than the RWMIA and 0.28kg (10.1%) heavier than RWA.  The RWMIA and RWA birds had 

numerically (P ≥ 0.151) lower FCR and FI compared to CON.  Programs had no effect on 

cumulative morality (P = 0.538) in study 1, however, it is noteworthy that birds in CON program 

showed lower and less variable (based on observed SEM) cumulative mortality (Table 4.5). 

Specifically, the mortality in CON was lower by 13 and 47% than for RWMIA and RWA, 

respectively.  The level of condemnations was significantly lower for CON birds compared to 

RWMIA (P = 0.021), but RWA was intermediate and similar (P > 0.05) to other programs.  

These results are in agreement with previous research done under commercial conditions which 

reported no significant differences in slaughter body weight, mortality or condemnations in 

broilers reared on a conventional program using some MIA compared to broilers reared on an 

RWA program (Parent et al. 2018).  Another study done in commercial settings reported no 

significant differences in FCR, a numerical reduction in condemnations and a significant 

decrease in mortality in a CON antibiotic strategy compared to a RWMIA antibiotic strategy 

(Bray et al. 2009).  These previous studies were done comparing antibiotic regimens, which 

differs from this study where gut health management programs were evaluated using the co-

administration of strategies designed to modulate gastrointestinal environment paired with the 

various antibiotic regimens commonly used for commercial broiler production.  An additional 

study done in commercial broilers reported no statistical differences in the total mortality 
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between broilers reared on a CON program and an RWA program (Gaucher et al. 2015).  They 

attributed the equal mortality between the programs to the application of essential oil-based 

products upon the onset of enteric disease.  Suggesting that the administration of alternative 

strategies like essential oils can modulate the gastrointestinal environment in the absence of 

antibiotics under commercial conditions.  

 Table 4.6 shows the main effects of gut health management programs, sex, and their 

associated interactions on the performance parameters throughout study 2.  There was no 

interaction (P > 0.05) between sex and program.  As expected, male chickens exhibited a 

significant difference (P ≤ 0.004) with heavier BW, heavier BWG, and higher FI at d 28, 42 and 

overall.  Male chickens showed an improved FCR in the grower phase (P = 0.004), but this was 

not maintained to the end of the trial (P = 0.956) as both males and females had an equal FCR of 

1.70 overall.  Males exhibited a significantly higher mortality rate overall compared to females 

(P ≤ 0.018).  The mortality rate of male chickens was 52.6% higher than females overall.  It is 

possible that the higher mortality rate experienced by male chickens was caused by greater 

metabolic stresses related to their higher growth rate compared to females (Shim et al. 2012).  

In the starter phase, gut health management program resulted in a significant effect (P ≤ 

0.002) on BW, BWG, FI, and FCR with RWA and RWMIA showing higher BW, BWG, FI, and 

improved FCR compared to CON.  In the grower phase birds on the CON program showed 

significantly higher BWG (P < 0.001) and improved FCR (P < 0.001) and higher FI (P = 0.064).  

In the finisher phase, the RWMIA resulted in a significant improvement of FCR compared to the 

other programs (P = 0.003).  However overall, there were no significant differences between any 

of the gut health management programs for BWG, FI, or FCR (P ≥ 0.100).  Mortality was not 

impacted by gut health management program during any phase of the trial.  
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 The performance traits of birds reared under research conditions and fed the various gut 

health management programs did not differ significantly.  Birds reared on the RWMIA and 

RWA gut health management programs under commercial conditions showed a numerical 

reduction of BW and FI compared to CON, which could be related to a greater microbial 

challenge caused by environmental stresses, barn management practices, breed or sex (Jang et al. 

2007; Houshmand et al. 2011; Torok et al. 2013; Shi et al. 2019).  These types of stresses are 

unlikely to be experienced by birds reared under research conditions where all aspects of the 

environment are tightly controlled.   

Overall, study 1 and 2 suggest that it is possible to raise broilers on the alternative gut 

health management programs and validates the performance traits of birds reared on these 

programs under both controlled research settings and commercial conditions.  Thereby giving the 

industry confidence that the complimentary strategies used in the alternative gut health 

management programs can support gut health and performance in the absence of antibiotics 

under commercial settings.    

4.4.2 Breast meat traits 

 Breast meat is considered an important product of a poultry carcass due to its high value 

relative to other parts (Case et al. 2010).  Table 4.7 shows the breast meat weight (g breast/100g 

of BW) at d 28 for birds reared under commercial conditions in study 1.  A significant effect (P = 

0.004) of gut health management program was observed with RWA birds showing 13% and 15% 

less relative breast weight compared to CON and RWMIA, respectively.  It is possible that RWA 

broilers showed this response due to poor intestinal development, as a result of coccidial 

vaccination (Wang et al. 2019a).  A healthy and developed gut is believed to lead to improved 

animal health and performance through more efficient nutrient utilization (Lei et al. 2013; Bean-
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Hodgins and Kiarie 2021).  Protein deposition is correlated to amino acid intake whereby protein 

deposition increases as amino acid intake increases (Eits et al. 2002).  With the numerically 

lower FI, paired with the possibility of poor intestinal development caused by coccidiosis 

vaccine, it is possible that amino acid intake and absorption were compromised in RWA birds.  

This may have resulted in decreased protein deposition and the lower breast weight observed in 

study 1.  Additionally, it has been reported that in-feed antimicrobials promote the growth of 

breast muscle, leading to increased breast meat weights (Wang et al. 2016).  It is widely 

recognized that antimicrobials cause thinning and decrease the weight of the small intestine 

(Coates et al. 1955; Jukes et al. 1956; Miles et al. 2006; Wang et al. 2019a).  The thinning of the 

small intestine is thought to facilitate the transport of nutrients across the intestine, leading to 

improved performance (Coates et al. 1955; Eyssen and De Somer 1963; Miles et al. 2006).  It is 

possible that the higher breast weight of the CON and RWMIA birds was influenced by 

improved nutrient transport, caused by the thinning of the small intestine compared to RWA 

birds.  Table 4.8 shows the relative breast weight at d 28 and d 41 for birds reared under research 

conditions in study 2.  There were no statistical differences (P = 0.172) among the gut health 

management programs for breast weight at d 28.  On d 41, gut health management program 

significantly increased (P = 0.044) the relative breast weight of the RWMIA birds compared to 

CON.   

Previous studies have looked at the impact of dietary additives compared to antibiotic 

supplemented diets on breast weight under research settings.  The use of alternative ingredients 

in poultry diets has become a common strategy to maintain gut health and performance in the 

absence of antibiotics.  Many products have been reported to have growth-promoting effects 

similar to antibiotics.  However, the growth promoting effects of antibiotic alternatives can vary 
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and efficacy may be dependent on the type of diet, environment, and management within the 

barn (Yang et al. 2009; Houshmand et al. 2011).  Previous reports indicated that birds 

supplemented with antibiotics, or a combination of pre/pro-biotics, resulted in numerically 

higher breast weight but the differences were not statistically significant (Wang et al. 2016; 

Wang et al. 2019a).  The alternative gut health management programs employed in this study 

applied the co-administration of complimentary strategies and the application of antibiotic 

alternatives known to support gut health in the absence of antibiotics.  In study 1, the CON and 

RWMIA programs showed similar breast weight, but they were statistically higher than RWA. 

Suggesting that the combination of dietary strategies paired with non-medically important 

antimicrobials (RWMIA) results in breast weight similar to the CON program.  However, the 

breast weight in the RWA birds was lower relative to the other programs.  In study 2 there were 

no statistical differences found in breast weight at d 28 among programs, and at d 41 the 

RWMIA program showed higher breast weight compared to CON, however there were no 

differences between the other programs.  It is possible that the lack of statistical significance 

reported in study 2 was due to limited exposure to exogenous bacteria or the lack of 

environmental challenges associated with research conditions (Wang et al. 2016).  Without 

exposure to exogenous bacteria, the negative effects associated with pathogenic bacteria may not 

be present.  Therefore, the performance benefits associated with these strategies may not be fully 

realized under the more sanitary conditions associated with research settings.   

The results from study 2 showed a tendency for higher relative breast weight in female 

chickens compared to males at d 28 and d 41 (P ≤ 0.061).  This was expected as previous 

research has shown that females have higher relative breast muscle compared with males (López 

et al. 2011; Shim et al. 2012; Klein et al. 2017; Santos et al. 2021).   
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There has been increased interest in understanding and evaluating the occurrence of 

breast meat myopathies in fast growing commercial broilers (Kuttappan et al. 2012a; Russo et al. 

2015; Barbut 2019; Petracci et al. 2019).  The exact etiology of the most common myopathies, 

namely WB, WS, and SM, remain undiagnosed.  These conditions appear worldwide, and 

especially impacting fast-growing broiler breeds in commercial production (Barbut, 2015; 

Petracci et al. 2019).  While these myopathies do not represent a food safety issue, consumers are 

averse to the visual appearance of these conditions which can influence their purchasing 

decisions (Kuttappan et al. 2012b; Petracci et al. 2019).  Consequently, breast meat with 

moderate and severe myopathies may not be marketed to consumers and can represent a 

significant financial loss to the industry (Barbut 2019).  

Table 4.8 summarizes the average mean myopathy scores for WB, WS, and SM.  Scores 

are based on visual examination and palpation of breast meat from broilers reared under research 

conditions at d 28 and d 41.  Fillets were assigned a numerical score based on the absence, 

moderate presence, or severe presence, of common myopathies found in breast meat.  Therefore, 

the greater the score, the more severe the occurrence of the myopathy.  The main effects of gut 

health management program, sex as well as their associated interactions on these myopathies 

were reported.  There were no main or interaction effects (P > 0.05) of sex and program at d 28.  

At d 41 there was a significant (P = 0.049) interaction between sex and program on the 

occurrence of WB, with male broilers on the RWMIA program showing reduced overall WB 

scores compared to males on the CON and RWA program.  Males showed a higher degree of 

severity of WB and WS compared to females (P ≤ 0.027).  RWMIA birds showed a significant 

reduction in the overall score for both WB (P ≤ 0.001) and WS (P ≤ 0.014) compared to the 

other programs.  At d 41 the mean myopathy score for both program and sex were ≤ 1.04 which 
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would indicate on average, the severity of myopathies was moderate or lower.  Table 4.9 

summarizes the total incidence of breast fillets exhibiting myopathies reported as a percentage of 

all fillets examined.  At marketing weight, the % fillets showing absence, moderate, and severe 

myopathies are important to processors as fillets categorized with moderate to severe myopathies 

may not be marketed to consumers (Barbut 2019).  Overall, 37.50% and 28.13% of breasts from 

CON and RWA birds reported a severe WB which was significantly (P = 0.004) higher than 

RWMIA birds.  Severe occurrence of WS in CON and RWA was numerically higher than 

RWMIA birds but was not statistically significant (P = 0.178).  In this study no fillets from the 

RWMIA program showed severe WB or WS myopathies, indicating that 100% of these fillets 

would be saleable to consumers.   

It has been reported that the severity of myopathies such as WS relates more to heavier 

birds (also with a larger relative fillet weight) as well as growth rate in the first 2-3 weeks  

(Kuttappan et al. 2013; Barbut 2019).  Some conflicting results were found in this study, where 

RWMIA birds showed similar body weights, increased relative breast weight and reduced 

severity and/or occurrence of WS and WB compared to CON and RWA.  Further field studies 

are warranted to investigate the effect of gut health management program on the occurrence and 

severity of breast fillet myopathies under commercial conditions.  Female chickens showed 

significantly lower BW at d 41(P < 0.001), the highest relative breast weight (P = 0.061) and 

reduced overall scores and % occurrence of WS and WB (P ≤ 0.027) compared to males. 

The results of study 2 show that birds reared on the gut health management programs, 

under the research conditions, showed equal FI, BWG, feed efficiency, and breast weight but 

resulted in fillets with significant differences in the occurrence of myopathies among programs.  

Therefore, differences in nutrient intake patterns, growth rate, and breast meat development do 
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not appear to be causing the severe occurrences of myopathies such as WB or WS that were 

observed among programs.  Females did show reduced FI and BWG, equal feed efficiency, and 

higher overall breast weight compared to males.  It is possible that due to their slower growth 

rate, females simply did not develop myopathies to the same extent as male broilers (Santos et 

al., 2021).  Additional research is warranted to explain the interactions between sex and program 

that was reported for males on the RWMIA program compared to males on the CON and RWA 

programs, respectively, as it does not appear to be related to nutrient intake patterns or overall 

growth rate.      

4.5 CONCLUSIONS AND APPLICATIONS 

1. Gut health management programs applied to broilers reared in commercial and research 

settings showed no differences on growth performance, feed conversion, feed intake and 

total mortalities.  Therefore, the performance of the RWA and RWMIA programs are 

statistically similar to CON.  Supporting the hypothesis that the co-administration of 

complimentary strategies proven to support gut health in the absence of antibiotics will 

result in equal performance.    

2. There was a significant sex effect on growth performance parameters under research 

settings with males consistently showing higher BW, BWG and FI across various stages 

of growth compared to females. 

3. Condemnations were significantly higher in birds reared on the RWMIA and were 

numerically higher in birds reared on the RWA program compared to CON.  The 

increased condemnations could represent a significant financial loss to producers.  

4. Relative breast weight at d 28 was significantly higher in birds reared on the CON and 

RWMIA under commercial settings.  



 
 
 

69 

 

5. Under research conditions the relative breast weight at d 41 was significantly higher in 

RWMIA birds compared to CON but did not differ among the other programs.  

6. Breast myopathies were significantly lower in RWMIA birds and in females compared to 

males.  Further research is required to evaluate correlations between breast myopathies, 

gut health management programs, sex and condemnations at the processing plant.  
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Table 4.1: Guidelines for ingredient inclusion (%) 

 

Program* 

Starter (d 0-14)  Grower (d 15-28)  Finisher (d 29-market) 

CON RWMIA RWA CON RWMIA RWA CON RWMIA RWA 

Corn products 35 to 50 45 to 55 50 to 55  35 to 55 55 to 60 55 to 60  45 to 55 52 to 66 60 to 

65 

Wheat products 15 to 25 8 to 10 7.5  15 to 28 10 to 13 9  20 to 30 10 to 15 9  

Animal products 3 to 8 3 to 5 -  3 to 8 3 to 6 -  3 to 8 3 to 6 - 

Plant protein meals 20 to 25 25 to 30 33 to 35  15 to 25 19 to 20 22 to 25  9 to 15 16 to 20 20 to 

23 

Animal & vegetable 

lipids blend 

0 to 5 0 to 2 -  0 to 5 0 to 3 -  0 to 5 0 to 3 - 

Vegetable oil - - 1 to 2  - - 2 to 2.5  - - 2 to 3 

Betaine, 35.6% 0.30 0.30 0.30  0.30 0.30 0.20  0.20 0.20 0.15 

n-butyric acid, 65% - 0.11 0.12  - 0.04 0.06  - 0.04 0.04 

Limestone + + +  + + +  + + + 

Monocalcium phosphate + + +  + + +  + + + 

Salt + + +  + + +  + + + 

Sodium bicarbonate + + +  + + +  + + + 

Vitamins and TM 

premix1 

+ + +  + + +  + + + 

25-OH vitamin 

D3,137.8 mg/kg 

+ + -  - - -  + - - 

L-Lysine sulfate, 54.6% + + +  + + +  + + + 

Methionine Hydroxy 

analogue, 88% 

+ + +  + + +  + + + 

L-Threonine, 98% + + +  + + +  + + + 

Choline chloride, 70% + + +  + + +  + + + 

Feed enzymes2 + + +  + + +  + + + 

Probiotic supplement3 - + +  - + +  - - - 

Feed additives mixture4 - - +  - - +  - - + 

            

            



 
 
 

71 

 

 

Program* 

Starter (d 0-14)  Grower (d 15-28)  Finisher (d 29-market) 

CON RWMIA RWA CON RWMIA RWA CON RWMIA RWA 

Calculated provisions            

Crude protein, % 21.50 22.00 21.50  19.50 19.00 18.00  17.50 17.50 17.50 

AME, kcal/kg 2,970 3,025 3,000  3,035 3,035 3,125  3,100 3,125 3,200 

Calcium, % 1.00 1.00 0.90  0.94 0.94 0.91  0.90 0.90 0.88 

Av. Phosphorus, % 0.50 0.50 0.50  0.45 0.45 0.44  0.44 0.44 0.44 

dig Lys, % 1.17 1.23 1.25  1.02 1.02 1.05  0.85 0.85 0.96 
*Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA; RWA, 

raised without antibiotics.  

 1 CON, RWMIA Vitamin mineral premix provided per kg of diet: Vitamin A 12,000IU; vitamin D 3500IU; vitamin E 60IU; vitamin 

B12 18mcg; biotin 250mcg; menadione 3mg; thiamin 2.5mg; riboflavin 7mg; pantothenic acid 30mg; pyridoxine 5mg; niacin 70mg; 

folic acid 2mg; copper 20mg; iron 60mg; manganese 120mg; zinc 110mg; iodine 1.25mg; added selenium 0.3mg. CON finisher phase 

was fortified with 85% of the vitamin mineral premix per kg of diet reported herein. RWA vitamin mineral premix provided per kg of 

diet: Vitamin A 12,000IU; vitamin D 3500IU; vitamin E 100IU; vitamin B12 20mcg; biotin 250mcg; menadione 3mg; thiamin 2.5mg; 

riboflavin 7mg; pantothenic acid 30mg; pyridoxine 5mg; niacin 70mg; folic acid 2mg; copper 20mg; iron 60mg; manganese 120mg; 

zinc 110mg; iodine 2.5mg; added selenium 0.3mg.  

2Provided xylanase, β-glucanase, invertase, protease, cellulase, amylase and mannanase with targeted activity levels of 600, 75,175, 

2500, 250, 6000 and 15 U/kg of feed, respectively. Phytase provided 500FTU/kg feed in CON and RWMIA to release 0.12% calcium, 

0.12% available phosphorus, and 0.03% sodium. 1,500 FTU/kg feed in RWA to release 0.17% calcium, 0.17% available phosphorus 

and 0.03% sodium.  

3Bacillus subtilis supplied at 0.8 Billion CFU/kg of feed.  

4Contained 9.6% Fumaric acid and also contains dehydrated yeast and yeast products, thymol, eugenol and vanillin.   
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Table 4.2: Antibiotics (ppm) used over six consecutive flocks in study 1 (commercial settings) 

Flock Farm Program1 Starter Grower Finisher 

d 0-8 d 9-14 d 15-19 d 20-28 d 29-Market 

1 

A, B, C CON 
40 Nar+40 Nic 40 Nar+40Nic 40 Nar+40 Nic 60 Sal 60 Sal 

110 Bac 110 Bac 110 Bac 55 Bac 55 Bac 

D*, E, F RWMIA 
50 Nic/ 48 Sal 50 Nic/ 48 Sal 50 Nic/ 48 Sal 50 Nic/ 48 Sal 70 Nar 

  20 Avi 20 Avi 20 Avi  

2 

A, B*, C CON 
40 Nar+40 Nic 40 Nar+40 Nic 40 Nar+40 Nic 60 Sal 60 Sal 

20 Avi 20 Avi 20 Avi 55 Bac 55 Bac 

D, E, F RWMIA 
50 Nic/ 48 Sal 50 Nic/ 48 Sal 50 Nic/ 48 Sal 50 Nic/ 48 Sal 70 Nar 

  20 Avi 20 Avi 20 Avi  

3 

A*, B, C CON 
40 Nar+40 Nic 40 Nar+40 Nic 40 Nar+40 Nic 70 Nar 70 Nar 

110 Bac 110 Bac 110 Bac 55 Bac 55 Bac 

D, F RWMIA 
40 Nar+40 Nic 40 Nar+40 Nic 40 Nar+40 Nic 40 Nar+40 Nic 70 Nar 

 20 Avi 20 Avi 20 Avi  

 E RWMIA 
50 Nic/ 48 Sal 50 Nic/ 48 Sal 50 Nic/ 48 Sal 50 Nic/ 48 Sal 70Nar 

 20 Avi 20 Avi 20 Avi  

4 

A, B, C CON 
30 Dec 30 Dec 30 Dec 100 Mo  100 Mo  

110 Bac 110 Bac 110 Bac 55 Bac  55 Bac  

D, E, F RWMIA 
40 Nar+40 Nic 40 Nar+40 Nic 40 Nar+40 Nic 40 Nar+40 Nic 70 Nar 

 20 Avi 20 Avi 20 Avi  

5 

A*, B*, C* CON 
40 Nar+40 Nic 40 Nar+40 Nic 40 Nar+40 Nic 100 Mo  100 Mo  

20 Avi 20 Avi 20 Avi 55 Bac  55 Bac  

D, E, F RWMIA 
50 Nic/ 48 Sal 50 Nic/ 48 Sal 50 Nic/ 48 Sal 50 Nic/ 48 Sal 100 Mo  

 20 Avi 20 Avi 20 Avi  
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Flock Farm Program1 Starter Grower Finisher 

d 0-8 d 9-14 d 15-19 d 20-28 d 29-Market 

6 

A*, B CON 
125 Nic 125 Nic 125 Nic 70 Nar 70 Nar 

110 Bac 110 Bac 110 Bac 55 Bac 55 Bac 

C CON 
40 Nar+40 Nic 40 Nar+40 Nic 70 Nar 70 Nar 70 Nar 

110 Bac 110 Bac 55 Bac 55 Bac 55 Bac 

D RWMIA 
40 Nar+40 Nic 40 Nar+40 Nic 40 Nar+40 Nic 40 Nar+40 Nic 70 Nar 

 20 Avi 20 Avi 20 Avi  

E, F RWMIA 
50 Nic/ 48 Sal 50 Nic/ 48 Sal 50 Nic/ 48 Sal 50 Nic/ 48 Sal 100 Mo  

 20 Avi 20 Avi 20 Avi  
1Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA. 

Abbreviations: Dec: decoquinate / Mo: monensin / Nar: narasin / Nic: nicarbazin / Nar + Nic: mixture of narasin and nicarbazin Sal: 

salinomycin; Avi: avilamycin / Bac: bacitracin 

*Denotes a flock medicated with 249.75ppm sulphadiazine and 50.25ppm trimethoprim for five to seven days for the treatment of 

colibacillosis as per the direction of a licenced veterinarian   
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Table 4.3: Analyzed chemical composition (mean±SD) of experimental diets 

 Starter 
 

Grower 
 

Finisher 

Program1 CON RWMIA RWA  CON RWMIA RWA  CON RWMIA RWA 

Dry matter, % 87.3±0.6 86.9±0.7 86.9±0.7  87.1±0.8 86.7±0.6 86.9±0.7  86.5±1.6 87.1±0.7 86.7±0.7 

Crude protein, 

% 
21.8±0.7 22.5±1.0 21.6±1.2  20.1±0.8 19.8±1.0 18.5±0.9  17.8±0.6 18.2±1.0 17.2±0.5 

Gross energy, 

kcal/kg 
3,988±109 3,905±66 3,920±21  3,945±61 3,956±66 3,949±0.5  3,985±92 3,977±28 3,929±52 

Crude fat, % 5.1±0.5 4.3±0.5 3.5±0.4  5.4±0.5 4.6±0.5 4.3±0.5  6.3±0.5 5.4±0.8 5.0±0.7 

Calcium, % 1.0±0.2 1.1±0.3 1.0±0.1  1.0±0.2 1.0±0.1 0.9±0.2  0.9±0.2 1.0±0.2 0.9±0.1 

Total 

phosphorus, % 
0.7±0.1 0.7±0.1 0.6±0.1  0.7±0.04 0.7±0.1 0.5±0.03  0.6±0.05 0.6±0.1 0.5±0.04 

Sodium, % 0.2±0.01 0.2±0.02 0.2±0.02  0.2±0.01 0.2±0.1 0.2±0.04  0.2±0.01 0.2±0.02 0.2±0.01 

Chloride, % 0.2±0.03 0.2±0.04 0.2±0.04  0.2±0.03 0.2±0.02 0.2±0.05  0.2±0.04 0.2±0.03 0.2±0.02 

Crude fibre, % 3.4±0.3 2.8±0.4 2.8±0.3  3.2±0.4 3.1±0.2 2.7±0.3  3.2±0.4 2.9±0.3 2.5±0.2 

Deoxynivalenol, 

ppm 
1.2±1.1 1.5±1.6 1.3±1.2  1.4±1.1 1.8±1.7 1.3±1.4  1.6±1.3 1.7±1.4 1.2±1.1 

Zearalenone, 

ppm  
0.1±0.1 0.2±0.2 0.2±0.1  0.2±0.2 0.3±0.3 0.2±0.2  0.2±0.1 0.2±0.2 0.1±0.1 

1Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA; RWA, 

raised without antibiotics.
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Table 4.4: Chemical composition (mean±SD) of water samples, study 1 (commercial 

settings) 

Ppm 

Gut Health Management Program1 

CON RWMIA RWA 

pH 7.32 ± 0.24 7.71 ± 0.48 7.47 ± 0.34 

Total dissolved solids 1,392 ± 1,044 253 ± 90 473 ± 442 

Phosphorus 0.45 ± 1.30 0.05 ± 0.10 7.02 ± 8.55 

Potassium 3.97 ± 2.76 1.34 ± 0.81 1.06 ± 0.36 

Calcium 226.07 ± 177.65 53.27 ± 27.98 59.99 ± 31.13 

Magnesium 175.90 ± 153.40 12.92 ± 7.02 28.48 ± 6.37 

Sodium 108.59 ± 88.79 14.23 ± 8.71 75.19 ± 138.36 

Sulphate 1,133.0 ± 1,057.84 26.33 ± 5.39 244.75 ± 586.25 

Chloride 87.26 ± 109.47 16.01 ± 11.83 43.41 ±108.18 

Iron 1.64 ± 3.13 0.23 ± 0.25 0.19 ± 0.19 

Boron 0.21 ± 0.19 0.08 ± 0.14 0.05 ± 0.04 

Copper 0.01 ± 0.01 0.01 ± 0.02 0.003 ± 0.004 

Zinc 0.12 ± 0.22 0.12 ± 0.20 0.01 ± 0.02 

Manganese 0.10 ± 0.10 0.03 ± 0.04 0.10 ± 0.10 
1Gut health management program: CON, some medically important antibiotics (MIA) allowed; 

RWMIA, raised without MIA; RWA, raised without antibiotics. 
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Table 4.5: Effect of different gut health management programs on growth performance, 

mortality, and condemnations of broiler chickens reared under commercial settings from 

hatch to market weight (study 1)*  

Program1 Body weight 

kg/bird 

Feed intake 

kg/bird 
FCR 

Mortality  

% 

Condemnations 

 % 

CON 3.05±0.13 5.34±0.19 1.75±0.03 4.80±1.10 0.55b±0.07 

RWMIA 2.78±0.13 4.73±0.20 1.72±0.03 5.41±1.14 1.10a±0.15 

RWA  2.77±0.15 4.89±0.25 1.71±0.04 7.05±1.34 0.80ab±0.14 

P-value 0.299 0.151 0.629 0.538 0.021 
*LSMeans reported ± SEM 

1Gut health management program: CON, some medically important antibiotics (MIA) allowed; 

RWMIA, raised without MIA; RWA, raised without antibiotics. 
a,bMeans within a column with no common superscripts differ significantly (P < 0.05).
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Table 4.6: Effect of gut health management programs and sex on growth performance and mortality of broiler chickens 

reared under research settings (study 2) 

  

Item 

Program1   Sex   

  

P-value 

CON RWMIA RWA SEM Male Female SEM Program Sex Program*Sex 

Starter d 0-14                     
 

 

Body weight (BW), 

kg/bird 

0.35b 0.39a 0.40a 0.004   0.37b 0.39a 0.003   <0.001 0.003 0.419 

BW gain, kg/bird 0.31b 0.35a 0.36a 0.01   0.33b 0.35a 0.01   <0.001 0.002 0.331 

Feed intake, kg/bird 0.43b 0.46a 0.46ab 0.01   0.43b 0.45a 0.01   0.002 0.004 0.173 

FCR, kg/kg 1.38a 1.31b 1.23c 0.02   1.31 1.30 0.02   <0.001 0.871 0.618 

Grower d 15-28                     
 

 

Body weight (BW) 

kg/bird 

1.30 1.30 1.30 0.01   1.33a 1.26b 0.01   0.887 <0.001 0.472 

BW gain, kg/bird 0.95a 0.91ab 0.89b 0.01   0.96a 0.87b 0.01   <0.001 <0.001 0.811 

Feed intake, kg/bird 1.48 1.46 1.45 0.02   1.52a 1.40b 0.01   0.064 <0.001 0.419 

FCR, kg/kg 1.49b 1.54a 1.55a 0.01   1.51b 1.54a 0.01   <0.001 0.004 0.743 

Finisher d 29-42                     
 

 

Body weight (BW), 

kg/bird 

2.64 2.65 2.64 0.04   2.80a 2.49b 0.01   0.817 <0.001 0.467 

BW gain, kg/bird 1.34 1.36 1.34 0.03   1.46a 1.23b 0.01   0.666 <0.001 0.480 

Feed intake, kg/bird 2.51 2.48 2.53 0.06   2.27b 2.30a 0.02   0.201 <0.001 0.252 

FCR, kg/kg 1.80a 1.75b 1.81a 0.01   1.77 1.80 0.01   0.003 0.085 0.684 

Overall d 0-42                     
 

 

BW gain, kg/bird 2.60 2.61 2.60 0.04   2.76a 2.45b 0.01   0.823 <0.001 0.459 

Feed intake, kg/bird 4.42 4.39 4.43 0.07   4.67a 4.16b 0.02   0.653 <0.001 0.236 

FCR2, kg/kg 1.69 1.68 1.70 0.01   1.70 1.70 0.01   0.100 0.956 0.787 

Cumulative mortality, % 2.09 2.73 2.47 0.56   3.29a 1.56b 0.42   0.741 0.018 0.387 
1Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA; RWA, 

raised without antibiotics.  
2Feed conversion ratio uncorrected for mortality.  
a, b Means within a row with no common superscripts differ significantly (P < 0.05). 
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Table 4.7: Effect of gut health management programs on body weight and breast weight of broiler chickens reared under 

commercial settings (study 1) 

Program1 d 28 BW, kg/bird Breast weight, g/100g BW 

CON 1.59 21.47a 

RWMIA 1.45 21.99a 

RWA 1.40 18.65b 

SEM 0.06 0.46 

P-value 0.169 0.004 
1Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA; RWA, 

raised without antibiotics. 
a, b Means within a column with no common superscripts differ significantly (P < 0.05). 
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Table 4.8: Effect of gut health management programs and sex on body weight and breast meat attributes at d 28 and d 41 in 

broiler chickens reared under research settings (study 2) 

  

Item 

Program1   

  

Sex  P-value 

CON RWMIA RWA SEM Male Female SEM Program Sex Program*Sex 

d 28                        

Body weight, 

kg/bird 
1.33 1.28 1.34 0.03  1.39a 1.25b 0.02  0.144 <0.001 0.193 

Breast weight, 

g/100g BW 
22.04 22.67 22.10 0.30  21.83b 22.71a 0.23  0.172 0.006 0.480 

Myopathies2             

Wooden breast 0.55 0.66 0.66 0.06  0.64 0.6 0.05  0.266 0.617 0.345 

Spaghetti meat 0.25 0.25 0.28 0.08  0.25 0.25 0.06  0.954 0.829 0.547 

White striping 0.09 0.19 0.31 0.06  0.23 0.17 0.05  0.052 0.375 0.170 

d 41             

Body weight, 

kg/bird 
2.44 2.54 2.51 0.06  2.68a 2.32b 0.04  0.373 <0.001 0.917 

Breast weight, 

g/100g BW 
24.45b 26.70a 25.76ab 0.35  25.58 26.36 0.29  0.044 0.061 0.407 

Wooden breast 0.94a 0.44b 0.94a 0.15  1.04a 0.50b 0.12  0.014 0.001 0.049 

Spaghetti meat 0.38 0.31 0.38 0.08  0.35 0.35 0.07  0.820 1.000 0.187 

White striping 0.75a 0.22b 0.72a 0.11  0.69a 0.44b 0.10  0.001 0.027 0.369 
1Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA; RWA, 

raised without antibiotics. 
2Myopathies: Average mean myopathy score established by the visual inspection and assigned numerical score based on the absence 

(0), moderate presence (1), or severe presence (2) of common myopathies found on breast meat (Wang, 2021). 
a, b Means within a row with no common superscripts differ significantly (P < 0.05). 
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Table 4.9: Effects of gut health management program and sex on the percentage occurrence of broiler breast fillet myopathies 

[wooden breast (WB), white striping (WS) and spaghetti meat (SM)] based on severity (absent, moderate or severe) at day 41 

1Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA; RWA, 

raised without antibiotics. 
a, b Means within a row with no common superscripts differ significantly (P < 0.05). 

 

 

  

Item 

Program1   

  

Sex  P-value 

CON RWMIA RWA SEM Male Female SEM Program Sex Program*Sex 

Absence of WB 34.38 56.25 34.38 10.31  27.08b 56.25a 8.05  0.130 0.006 0.083 

Moderate WB 28.13 43.75 37.50 9.98  41.67 31.25 8.10  0.567 0.393 0.679 

Severe WB 37.50a 0.00b 28.13a 7.67  31.25a 12.50b 6.75  0.004 0.039 0.309 

Absence of SM 62.50 68.75 62.50 8.28  64.58 64.58 6.72  0.820 1.000 0.187 

Presence SM 37.50 31.25 37.50 8.28  35.42 35.42 6.72  0.820 1.000 0.187 

Absence of WS 37.50b 78.13a 40.63b 9.01  37.50b 66.67a 7.65  0.001 0.002 0.065 

Moderate WS 50.00a 21.88a 50.00a 9.49  56.25a 25.00b 7.47  0.035 0.003 0.069 

Severe WS 12.50 0.00 9.38 4.35  6.25 8.33 3.67  0.178 0.709 0.868 
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CHAPTER 5 

COMPARATIVE IMPACT OF CONVENTIONAL AND ALTERNATIVE GUT 

HEALTH MANAGEMENT PROGRAMS ON GASTROINTESTINAL RESPONSES IN 

BROILERS CHICKENS RAISED IN COMMERCIAL AND RESEARCH SETTINGS 

5.1 ABSTRACT 

 Gastrointestinal tract (GIT) responses were evaluated in broiler chickens reared under 

commercial and research settings to determine the effects gut health management program on 

internal organ development, jejunal histomorphology, and concentration of cecal short chain 

fatty acids (SCFA).  Broiler chickens were reared on one of three gut health management 

programs: 1) conventional (CON), 2) raised without medically important antimicrobials 

(RWMIA) and 3) raised without antibiotics (RWA) in commercial (study 1) and research 

settings (study 2).  Birds were euthanized, weighed, and necropsied for spleen, liver, gizzard, 

crop, proventriculus, bursa of Fabricius, pancreas, and small intestine weight and sampled for 

jejunal histomorphology and ceca digesta SCFA.  Data were analyzed for the main effects and 

associated interactions using ANOVA procedures.  In both studies the CON program showed 

lower relative liver weights compared to the other programs (P ≤ 0.04).  Under commercial 

settings (study 1), the RWA program showed the highest crop and proventriculus weights as a 

percentage of BW compared to the other programs (P ≤ 0.04).  No differences in jejunal 

histomorphology were reported among programs in study 1 (P > 0.05).  In study 2, the CON 

program showed the lowest relative weights for gizzard, pancreas, and small intestine compared 

to RWA (P ≤ 0.011).  A greater crypt depth (CD) and a lower villus height to crypt depth ratio 

(VH:CD) was observed in RWA compared to CON (P ≤ 0.001).  In study 1, birds reared on the 

RWMIA program had a greater cecal concentration of iso-butyric acid compared to other 

programs.  In study 2, birds reared on the CON program had a greater concentration of acetic, 
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propionic, total butyric acid, and total SCFA at d 28 (P ≤ 0.041).  Gut health management 

programs influenced relative organ weight, intestinal morphology and cecal SCFA concentration 

which could be associated with differences in the microbial species present in the ceca.  

5.2 INTRODUCTION 

Intestinal health is a key contributor to the overall health status of broiler chickens.  The 

term gut health refers to the structure and function of the GIT in the absence of disease whereby 

the GIT can carry out the digestion and absorption of nutrients efficiently while protecting itself 

from the onslaught of pathogens it is exposed to via the external environment.  The lumen and 

intestinal mucosa together are the main site of nutrient absorption but also form a selective 

barrier which serves to block pathogenic bacteria from entering the tissues of the bird (Yegani 

and Korver 2008).  The gut barrier consists of a diverse bacterial community (microbiota), their 

by-products, mucous layers, antibacterial products, epithelial tissues as well as immune tissues 

(Broom 2018).  Each structure of the barrier plays a key role in the protection from and defense 

against harmful enteric bacteria.  Research has proven a link between gut morphology and 

overall performance (Lei et al. 2013; Emami et al. 2017).  Subsequently, intestinal barrier 

function is a key element in maintaining overall gut health and animal performance (Awad et al. 

2017; Celi et al. 2019; De Meyer et al. 2019).  With a healthy and developed gut, nutrient 

utilization becomes optimal, leading to better performance (Kiarie et al. 2013; Kiarie and Mills 

2019).  The use of non-nutritive feed additives that influence gut morphology and structural 

integrity has become a common strategy to maintain intestinal barrier function and overall 

performance (Hutsko et al. 2016; Jayaraman et al. 2017; Elhassan et al. 2018; Bean-Hodgins and 

Kiarie 2021).  While these products may not have a direct effect on the gastrointestinal structure 

per se, their mode of action is associated with an ability to modify the intestinal microbial 
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populations thereby minimizing the amount of bacterial-produced toxins that are known to 

damage intestinal integrity (Khodambashi Emami et al. 2012).   

As consumer pressure continues to drive the industry to rely less on antibiotics, more 

mandated restrictions surrounding antibiotic use will be implemented.  Consequently, alternative 

gut health management programs are being developed that employ functional feed additives to 

support a balanced microbial community which is believed to influence overall gut morphology.  

With a proven link between gut morphology and overall performance, it is believed that 

performance may be optimized when the structure and function of the gut is optimized.  

Therefore, the objective of this study was to evaluate the effects of commercial gut health 

management programs on gastrointestinal responses including, organ development, jejunal 

histomorphology, and ceca SCFA in broiler chickens reared in commercial farms (study 1) and 

controlled research settings (study 2).  

5.3 MATERIALS AND METHODS 

5.3.1 Birds and Housing 

In study 1, nine commercial broiler chicken farms were recruited in the province of 

Ontario, Canada for the year-long study.  A total of 1,157,604 chickens were processed over 6 

consecutive flocks produced during this trial.  Two strains of broiler chickens (as hatched) were 

placed throughout the study representing the most common strains reared in Canada (Ross 708 

and Cobb 500).  Four hatcheries provided chicks to the farms.  In study 2, a total of 2,304-day-

old Ross 708 chicks (equal males and females) were obtained from a commercial hatchery 

(Maple Leaf Poultry, New Hamburg, Ontario, Canada) and were weighed and allocated based on 

initial body weight and sex to 48 floor pens (48 birds/pen) equipped with fresh wood shavings. 
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The details of the birds and housing conditions used in the current study were outlined in Chapter 

4.  

5.3.2 Diets and medication programs 

Birds were reared under one of three commercial gut health management programs: 1) 

conventional (CON), where some medically important antibiotics (MIA) are allowed, 2) raised 

without MIA (RWMIA), and 3) raised without antibiotics (RWA).  Details of the diet 

formulation, texture and medication rotation were detailed in Chapter 4.   

5.3.3 Experimental sampling 

5.3.3.1 Study 1 

 Eight visually normal broiler chickens were randomly selected over six consecutive 

flocks from each farm at d 28, placed in cardboard animal boxes (4 birds per box) and 

transported via car for approximately 150 km to the University of Guelph (Guelph, Ontario, 

Canada).  Birds did not have access to feed or water during transport.  Birds were euthanized via 

cervical dislocation, weighed individually, and dissected within 2 h of their arrival at the 

University.  Each bird was sampled for internal organs.  The total length of the small intestine 

(duodenum, jejunum, and ileum) was measured from the pylorus of the gizzard to the ileocecal 

junction.  The pH of the contents of gizzard and ileum were measured using a Fisher Scientific 

Accumet AB150 pH meter (Fisher Scientific, Toronto, ON, Canada) standardized with certified 

pH 4.0, 7.0, and 10.0 buffer solution (Fisher Scientific, Toronto, ON, Canada) (Kiarie et al. 

2021).  The spleen, liver, gizzard, crop, proventriculus, small intestine, and bursa of Fabricius 

were excised, rinsed, and emptied of digestive contents, gently blotted dry with paper towel, 

weighed, and recorded.  The jejunal tissue and ceca content, were collected for evaluation of 

histomorphology and SCFA concentration, respectively.  Jejunal tissue samples (~3 cm) were 
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obtained from the midpoint of the jejunum and placed in buffered formalin for fixing.  Ceca 

content samples were placed on ice and transported to the laboratory immediately upon 

collection and stored at -20℃ until required for analyses.   

5.3.3.2 Study 2 

 Two birds per pen were randomly selected on d 28, euthanized, weighed, and dissected.  

Each bird was sampled for internal organs and weights as described in study 1.  The pancreas 

was also excised and weighed in study 2.  Jejunal tissue and ceca content was collected as 

described in study 1.  On d 41, two birds per pen were randomly selected from each pen, 

euthanized, weighed, and dissected.  Cecal content was collected, placed on ice and transported 

immediately upon collection and stored at -20℃ until required for SCFA analysis.  

5.3.4 Sample processing and analyses 

Fixed jejunal tissues were embedded in paraffin, sectioned (5 mm), and stained with 

hematoxylin and eosin at the Animal Health Laboratory (University of Guelph, Guelph, ON). 

Morphological examinations were completed in each cross-sectioned tissue, whereby 9 complete 

villus–crypt structures were examined under a Leica DMR microscope (Leica Microsystems, 

Wetzlar, Germany) and villus height (VH) and crypt depth (CD) measured using a calibrated 

micrometer.  The ratio of VH to CD (VH:CD) was calculated (Mohammadigheisar et al. 2019).  

The concentration of SCFA (lactic, acetic, propionic, iso-butyric, n-butyric, and total butyric 

acids) was assayed in thawed ceca digesta (Leung et al. 2018).  Approximately 0.1 g of thawed 

ceca digesta was resuspended with 1 mL 0.005N H2SO4 (1:10, wt/vol) in a microcentrifuge tube.  

The tube was actively vortexed until the sample was completely dissolved.  The sample was then 

centrifuged for 15 min at 11,000 x g, and 400 µL of supernatant was transferred into a high-

pressure liquid chromatography (HPLC) vial and 400µL of 0.005N H2SO4 buffer added.  The 
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resulting digesta fluid was subsequently assayed for SCFA using HPLC (Hewlett Packard 1100, 

Germany) with Rezex ROA-Organic Acid LC column, 300 x 7.8mm from Phenomenex and 

Refractive Index detector at 40°C (Agilent 1260 Infinity RID from Agilent Technologies, 

Germany) (Leung et al. 2018).  

5.3.5 Calculations and statistical analyses 

The organ weight (spleen, liver, gizzard, crop, proventriculus, small intestine, bursa of 

Fabricius, and pancreas) data were reported as percentage of BW (g/100g BW).  Molar 

proportions for SCFA are expressed as a percentage of total SCFA and were calculated by: 

((individual SCFA/total SCFA)*100).  For study 1, data were analyzed using a Generalized 

Linear Mixed Model in SAS where the model had program as a fixed effect and farm was 

considered a random effect (SAS 9.4; SAS Institute Inc., Cary, NY).  The model was: Y = µ + P 

+ F(P) + R(F) + Ɛ, where Y= response variable, µ = mean, P = gut health management program, 

F= farm, R= flock, F(P) = farm within the program, R(F) = flock within the farm, and Ɛ = 

residual error.  The farm within program and the flock within the farm were also considered 

random effects.  For study 2, data were analyzed using ANOVA procedures with sex, program, 

and associated interactions as fixed variables in R statistical software (R Core Team 2020). The 

model was Yijkl = µ + ai + bj + ck + abij + Ɛijkl. Where, Yijkl = response variable, µ = mean, ai = gut 

health management program, bj = sex, ck = block, abij = interaction of program and sex, and Ɛijkl = 

residual error.  Tukey-Kramer adjustment was used to separate LSMeans.  Statistical significance 

was declared at P < 0.05.  A statistical trend towards significance was considered at P < 0.10. 
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5.4 RESULTS 

5.4.1 Organs 

Under commercial settings (study 1) gut health management program had no effects (P > 

0.100) on BW, spleen, empty gizzard, and small intestine weight, as well as small intestine 

length and digesta pH (Table 5.1).  The empty crop and proventriculus weights were 

significantly (P ≤ 0.040) lower for CON and RWMIA compared to RWA.  The relative liver 

weight was 12% lower in CON compared to RWA (P = 0.040).  There was a tendency for lower 

bursa weight among programs (P = 0.081) with RWMIA and RWA birds showing a 10% and 

15% reduction in bursa weight compared to CON.  Under research settings (study 2), there were 

interactions between program and sex for empty gizzard, crop, and small intestine weight and 

liver weight (Table 5.2).  An interaction (P = 0.014) between sex and program was observed for 

the gizzard with females exhibiting a smaller gizzard weight on the CON program compared to 

the other sex and program combinations.  An interaction was observed between sex and program 

for the crop weight with males on the RWMIA program exhibiting a lower weight compared to 

females on RWMIA and CON (P = 0.047).  An interaction was observed (P = 0.001) for the 

liver, with males on the RWA program showing a lower liver weight compared to males on the 

RWMIA and females on the RWA program.  Females on the RWA program had a higher liver 

weight compared to females on the CON program.  An interaction was observed (P = 0.038) for 

the small intestine, with males and females on the RWA program showing a heavier relative 

weight compared to all other sex and program combinations and with RWA females showing a 

lower weight compared to RWA males.  There was no interaction between sex and program for 

BW, relative weight of spleen, proventriculus, bursa of Fabricius, pancreas, or small intestine 

length.  However main effects of program were observed where the pancreas weight was 
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observed to be 14% lower in CON compared to RWA (P = 0.011).  Main effects were also 

observed for the small intestine length with RWMIA having the shortest length, CON as 

intermediate and RWA with the longest length (P <0.001).  Main effects were observed for BW, 

and small intestine length with males exhibiting a heavier BW and a longer intestine compared to 

females (P ≤ 0.010).   

5.4.2 Small intestine morphology 

 Jejunal histomorphology was not affected (P > 0.100) by gut health management 

program in 28 d-old broiler chickens in study 1 (Table 5.3).  In study 2, an interaction was 

observed (P = 0.019) between sex and program for the CD such that females on the RWA 

program showed the deepest crypts compared to all other sex and program combinations.  Main 

effects were observed for VH with males exhibiting a longer VH (P = 0.017) and a greater 

VH:CD (P = 0.001) compared to females (Table 5.4).  Birds on the RWA program had the 

lowest VH:CD (P < 0.001) compared to the other programs.   

5.4.3 Cecal short chain fatty acids 

Under commercial settings (study 1), there were no differences (P > 0.05) among gut 

health management programs for lactic, acetic, propionic, n-butyric, total butyric, and total 

SCFA (Table 5.3).  Birds on RWMIA showed a higher concentration of iso-butyric acid 

compared to the other programs (P = 0.002) and a higher molar proportion of iso-butyric acid 

compared to RWA (P = 0.026).  Under research settings (study 2), an interaction (P = 0.041) was 

observed between program and sex such that females on the RWA program showed the lowest 

molar proportion of acetic acid at d 28.  However, main effects were observed whereby the CON 

program showed a higher concentration (P ≤ 0.041) of acetic, propionic, total butyric, and total 

SCFA compared to the other programs at d 28 (Table 5.5).  At d 41, an interaction (P ≤ 0.022) 
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was observed for the concentration of propionic acid and the corresponding molar proportion.  

Females on the CON program and males on the RWMIA showed the highest concentration of 

propionic acid (13.96 µmol/g and 12.72 µmol/g) compared to females on the RWA program 

(7.33 µmol/g).  Females on the CON program showed higher molar proportion for propionic acid 

compared to the other sex and program combinations.  

5.5 DISCUSSION 

 Considering the movement to reduce and eliminate antibiotics from the diets of broiler 

chickens, many ingredients have been studied as alternatives to replace them.  Currently 

commercial gut health management programs are in place that utilize antibiotics, vaccination, 

and/or alternative ingredients to some extent to meet a desired processing claim associated with a 

mandated antibiotic restriction.  These strategies are known to influence organ size, intestinal 

development, histomorphology, and cecal microbial fermentation (Hutsko et al. 2016; Wang et 

al. 2016; Jayaraman et al. 2017; Elhassan et al. 2018; Wang et al. 2019a; Mohammadigheisar et 

al. 2020b).  The gastrointestinal response to these strategies is of the utmost importance because 

intestinal health and development is a primary factor in determining overall broiler performance 

(Kiarie et al. 2013; Kiarie and Mills 2019; Kiarie et al. 2021).  Therefore, the main purpose of 

this study was to gain an understanding of how the gut health management programs influence 

gut morphology and the gastrointestinal responses of birds reared under both commercial and 

research settings.   

5.5.1 Small intestine and jejunal histomorphology 

A reduction in visceral organ weight as a percentage of BW is generally associated with 

reduced maintenance energy cost which then spares energy for growth (Mohammadigheisar et al. 

2020a).  A reduction in intestinal weight as a percentage of BW and a reduction in intestinal 
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length was observed in birds on the CON and RWMIA programs compared to RWA in birds 

reared under research conditions (study 2).  This is in agreement with previous studies that have 

shown decreased intestinal weights and lengths in birds fed antimicrobials (Miles et al. 2006; 

Wang et al. 2016; Wang et al. 2019a).  Although the same significant effect was not observed 

under commercial conditions (study 1) there was a numerical reduction in small intestine weight 

in CON and RWMIA programs compared to RWA.  The lack of significance may be associated 

with the higher degree of variability associated with the commercial settings.  The lighter small 

intestine in CON and RWMIA birds compared to RWA is likely due to the inclusion of 

antimicrobials in these programs.  Previous studies have reported that feeding antimicrobials 

causes thinning of the gut wall and decreases the small intestine weight (Coates et al. 1955; 

Jukes et al. 1956; Wang et al. 2019a).  It is believed that the thinning effect leads to more 

efficient transport of nutrients across the intestine thereby improving performance.  In study 2, 

birds on the RWA program showed a significantly longer small intestine compared to the other 

programs.  A longer small intestine provides larger surface area for digestion, further enhancing 

absorptive functionality which could improve nutrient utilization and overall performance.  It is 

also suggested that reduced intestinal size allows more energy to be apportioned to growth 

instead of maintenance which could lead to increased body weight gain (Wang et al. 2016).  In 

both studies, a significant effect on BW was not observed between programs at d 28.  

Additionally, as per the data reported in Chapter 4, there were no significant differences among 

programs for BW or FCR in birds reared under both commercial and research settings.  

Therefore, the reduction in intestine weight and an increase in intestinal length do not appear to 

be associated with improved BW or lower FCR.  
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Gut health management program did not impact jejunal villus height in either study. 

However, deeper crypts which lead to a lower corresponding VH:CD ratio were observed in 

RWA birds in study 2.  Previous research has shown that a reduced VH:CD ratio may be 

indicative of inflammation and compromised mucosal structures leading to reduced nutrient 

absorption and growth performance (Xu et al. 2003; Lei et al. 2013; Wang et al. 2015).  

However, in these studies, the VH:CD was representative of shorter villi and deeper crypts.  In 

the current study, shorter villi were not observed among programs.  The deeper crypts observed 

in birds reared on the RWA program may be indicative of rapid cell turnover, stimulated by a 

need to replenish the villi.  The need to replenish the villi will have a nutrient and energy cost 

thereby lowering digestive efficiency (van der Schoor et al. 2002; Parsaie et al. 2007).  The 

weight of the small intestine relative to BW was also significantly heavier in RWA compared to 

the other programs which is indicative of histological changes (Awad et al. 2009).  It is possible 

that a greater amount of energy is being allocated to maintain the heavier intestinal weight and 

the cell division associated with the deeper crypts.  Differences in d 28 BW were not observed 

and therefore the deeper crypts and lower VH:CD ratio in RWA does not appear to be 

influencing performance in study 2.   

 Males had heavier BW at d 28, and longer and heavier small intestines compared to 

females which is in agreement with previous work (Jukes et al. 1956).  Miles et al. (2006) 

reported that a thinner muscularis mucosae in males led to lighter intestinal tracts and a heavier 

BW compared to females.  It has been hypothesized the faster growth rate in male birds is 

associated with more rapid intestinal development and a larger surface area for nutrient 

absorption (Miles et al. 2006).  The heavier d 28 BW observed for males in this study is in 

agreement with this as the male intestinal length was 5% longer and they were 7% heavier than 
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the females.  Additionally, males had longer jejunal VH and a larger corresponding VH:CD ratio 

which is associated with increased surface area for nutrient absorption and corresponding growth 

rate (Xu et al. 2003; Lei et al. 2013; Jayaraman et al. 2017).  As per the data reported in Chapter 

4, male body weight, body weight gain, and feed intake were lower and FCR was higher in the 

starter phase (d 0-14) compared to females.  However, males were able to overcome this deficit 

as overall body weight was heavier for males in the grower period (d 15-28), finisher period (d 

29-42), and overall (d 0-42).  This enhanced growth rate observed in males could be due in part 

to their increased intestinal length, longer jejunal VH, and larger VH:CD ratio compared to 

females.   

5.5.2 Organs 

 The liver functions as an accessory organ of the digestive system playing a role in fat, 

carbohydrate, protein, SCFA, vitamin, and mineral metabolism while working to detoxify and 

remove waste products (Zaefarian et al. 2019).  Increased liver size is an indicator of increased 

metabolic activity, whereby the larger the liver, the more work it is doing (Parsaie et al. 2007).  

A larger liver may also have increased energy requirements for maintenance resulting in 

partitioning of energy towards maintenance and not growth (Zaefarian et al. 2019).  Under 

commercial settings, the liver weight was lighter by 12% in CON birds compared to RWA and 

9% compared to RWMIA.  Under research settings, the liver weight was reduced by 2% in CON 

birds compared to RWA and 6% compared to RWMIA.  This suggests that the liver from CON 

birds had lower metabolic activity compared to the other programs.  The CON program 

contained the highest level of crude fat as per the analyzed composition reported in Chapter 4 

(Table 4.3).  The RWA diet also used vegetable oil as the sole source of fat as only plant-based 

ingredients are permitted in this program while CON and RWMIA used animal/vegetable lipid 
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blend.  It has been hypothesized that increased liver weight is associated with increased fat 

utilization (Al-Marzooqi and Leeson 2000).  It is possible that the dietary fat level and the fat 

source utilized in the gut health management programs influenced fat metabolism in the birds 

leading to the lower liver weight that was observed in CON birds.   

 In study 1, the proventriculus and crop were significantly larger in RWA birds compared 

to the other programs.  This is in agreement with previous work whereby dietary antimicrobials 

lead to a reduced relative weight of the proventriculus and feeding birds Bacillus-based 

probiotics led to an increase in proventriculus weight.  The increased weight associated with the 

inclusion of a probiotic was hypothesized to be the result of an enhanced population of acid 

bacteria which directly stimulated the growth of the proventriculus (Wang et al. 2019a).  The 

RWMIA and RWA programs in this study utilized a probiotic supplement which supplied 

Bacillus subtilis from d 0-28 which could have contributed to the larger proventriculus weights 

observed under commercial settings.  The larger crop weight observed with RWA could be due 

to increased feed storage as a result of longer dark time.  Under commercial conditions, birds 

were given a minimum requirement of 4 h consecutive darkness by d 4.  However, each farm 

could increase the dark period beyond 4 h if desired.  With a longer dark period, more feed could 

be stored in the crop to maintain the supply of energy.  When the crop is used for storage of feed 

over a longer period, it will experience increased distention and musculature, leading to an 

increase in crop weight (Shynkaruk et al. 2019).  

In study 2, CON birds exhibited a 17% and 11% reduction in gizzard weight compared to 

RWMIA and RWA birds, respectively.  Wang et al. (2019a) reported increased gizzard weight in 

birds fed prebiotics compared to those fed antibiotics, although the mechanism by which the feed 

additive promoted a greater gizzard weight is poorly understood.  It is possible that the 
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alternative ingredients used in the RWMIA and RWA programs led to an increased gizzard 

weight.  Further research is required to understand how these feed programs promote gizzard 

growth.  

  The bursa of Fabricius is a lymphoid organ involved in the avian immune response 

(Abdul-Careem et al. 2008).  Pathological conditions such as infectious diseases and mycotoxin 

exposure can lead to reduced bursa size (Abdul-Careem et al. 2008; Cazaban et al. 2015).  

Although not statistically significant, RWA birds exhibited a 10-15% reduction in bursa weight  

under both commercial and research settings compared to the other programs.  A relative bursa 

weight of 0.11g/100g BW has been reported to be the ideal index for healthy broilers (Cazaban 

et al. 2015).  Under commercial conditions, some variation in relative bursa weight was 

observed, suggesting that several birds fell below the 0.11 threshold.  It is possible that birds 

under commercial conditions were exposed to more disease challenges than birds reared under 

research conditions.  Birds reared under commercial conditions were also exposed to a greater 

incidence of mycotoxin contamination as a result of the 2018 corn crop year as reported in 

Chapter 4.  Therefore, it is possible that bursa weights in study 1 were also influenced by a 

higher level of exposure to toxins.   

Under research conditions, increased pancreas weight was observed for birds on the 

RWA program.  An enlarged pancreas may be indicative of exposure to antinutritional factors 

such as trypsin inhibitor (TI).  Soybean meal (SBM) is the most concentrated source of TI and 

one of the most important plant-based protein sources used in commercial poultry feed (Sarwar 

Gilani et al. 2012).  Although the industry effectively treats SBM to denature TI, it is possible for 

SBM to contain some residual level of TI should beans be improperly processed.  As TI activity 

increases, pancreas weight increases (Clarke and Wiseman 2005; Rocha et al. 2014; Hoffmann et 
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al. 2019).  The RWA program utilized a higher percentage of plant-based protein meals which 

could increase the chances for exposure to residual antinutritional components in plant-based 

protein meals such as SBM and possibly explain the increased pancreas weights observed in the 

RWA birds.  However, TI levels were not measured in the gut health management programs.  

5.5.3 Cecal short chain fatty acids 

Cecal short chain fatty acids represent bacterial metabolites produced as a result of 

anaerobic fermentation (Svihus et al. 2013; Lee et al. 2017b).  They are important biomarkers for 

intestinal health as fermentation activity indicates increased amounts of undigested nutrients 

making it to the hindgut and becoming a resource for the proliferation of pathogens.  This can 

result in the promotion of opportunistic pathogens and a shift in the microbial population 

resulting in differences in the cecal proportions of SCFA (Kiarie et al. 2013).  It is well 

established that diet composition, feed additives, and age can influence the microbial population 

and cecal fatty acid composition (Mountzouris et al. 2007; Kiarie et al. 2014; Lee et al. 2017b; 

Kiarie et al. 2021).  In study 1 and 2, acetic acid was the dominant SCFA produced in the ceca at 

d 28 and d 41 which is in agreement with other studies (Lee et al. 2017b; Kiarie et al. 2021).  In 

study 2, a significantly higher concentration of acetic, total butyric, and total SCFA was 

observed in CON birds compared to the other programs at d 28.  However, the molar proportions 

of each SCFA did not differ among programs or sex at any age.  A significantly lower 

concentration of propionic acid was observed in RWA birds compared to CON.  A reduction in 

propionic acid concentration has been linked to decreased abundance of Bacteroidaceae (Kiarie 

et al. 2021).  There was an interaction between sex and program at d 28 for the molar proportion 

of acetic acid.  Females on the RWA program showed a significantly lower percentage of acetic 

acid (55%) compared to females on the RWMIA (63%), males on the RWA (62%), and males on 
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CON (62%).  This reduction in acetic acid may be associated with a decreased abundance of 

Bifidobacteria (Kiarie et al. 2021).  The GIT of broiler chickens is home to more than 100 billion 

bacteria comprised of over 900 different species (Stanley et al. 2014a; Borda-Molina et al. 2018; 

Yadav and Jha 2019).  The largest phyla associated with the broiler chicken intestinal tract are 

Firmicutes, Bacteroidetes, and Proteobacteria, and among these, the predominant genera include 

Clostridium, Ruminococcus, Lactobacillus, and Bacteroides (Wei et al. 2013).  Six main 

bacterial groups reside in the chicken GIT.  They can be classified as favourable bacteria 

(Lactobacillus, Bifidobacteria), detrimental bacteria (E. coli, Clostridium), or inconsequential to 

the host but potentially harmful to human health (Salmonella, Campylobacter) (Amit-Romach et 

al. 2004).  Therefore, in this study the reduced propionic and acetic acid observed in RWA may 

be associated with reduced populations of beneficial bacteria.  Examples of beneficial 

metabolites resulting from the microbial fermentation of carbohydrates and protein material 

include SCFA, specialized enzymes, amino acids, and vitamins (Gabriel et al. 2006; Oakley et al. 

2014; Mohammadigheisar et al. 2019; Yadav and Jha 2019).  A correlation exists between 

improved feed efficiency and cecal microbiota composition.  Indicating that birds with an ideal 

microbiota population can extract more energy from the diet leading to improved performance 

(Torok et al. 2007; Rinttilä and Apajalahti 2013).  In addition, bacterial metabolites such as 

SCFA are influential in supporting epithelial development because they are an energy source for 

enterocyte proliferation, thereby enhancing intestinal barrier function (Lan et al. 2005; Niba et al. 

2009).  The CON program showed 35% and 29% higher total ceca digesta concentration of 

SCFA at d 28 compared to RWMIA and RWA, respectively.  The chemical composition of the 

experimental diets reported in Chapter 4 show higher levels of crude fibre and wheat product 

inclusion in CON compared to the other programs.  This difference in substrate profile may have 
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encouraged differences in the microbial species present in the ceca at d 28 (Choct 2009; Kiarie et 

al. 2014).  Consequently, the ingredient inclusion in the gut health management programs may 

have contributed to more intense bacterial fermentation causing a higher concentration of SCFA 

that was observed in this study.  These differences were not apparent at 41 days of age because 

the older birds were more efficient at digestion thereby minimizing substrates available for 

microbial fermentation compared to younger birds.  This study evaluated the impact of gut health 

management program on cecal fermentation metabolites.  Further research looking at the key 

microbial populations residing in the ceca of broiler chickens reared on alternative gut health 

management programs are warranted to determine whether differences exist in overall 

microbiome composition. 

In conclusion, broiler chickens reared on the three gut health management programs 

showed some differences in the gastrointestinal responses including organ weight, intestinal 

morphology, and cecal SCFA profile but did not appear to impact gut efficiency as indicated by 

the statistically similar body weights at d 28 and the performance data reported in Chapter 4.  

Therefore, the strategies associated with the gut health management programs encouraged gut 

health and development as indicated by the results of these studies conducted under commercial 

and research settings.  This gives the industry further confidence that the complementary 

strategies used in these gut health management programs can support histochemistry and 

digestive tract morphology of broiler chickens in the absence of antibiotics.  
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Table 5.1: Effects of gut health management programs on organ weight, intestinal length, 

and digesta pH in broiler chickens at d 28 reared under commercial settings (study 1) 

 

Item 

Program1   

SEM 

 

P-value CON RWMIA RWA 

Body weight (g)  1,588 1,449 1,404  61.45 0.169 

Organ weight (g/100g BW)            

Empty gizzard               1.36 1.37 1.38  0.04 0.965 

Spleen               0.10 0.10 0.10  0.01 0.739 

Empty crop               0.24b 0.24b 0.28a  0.01 0.012 

Empty proventriculus  0.43a 0.44a 0.57a  0.03 0.040 

Liver        2.44b 2.68ab 2.77a  0.07 0.040 

Bursa of Fabricius  0.20 0.18 0.17  0.01 0.081 

Empty small intestine 3.31 3.26 3.55  0.09 0.121 

Small intestine length (cm) 160.01 150.24 155.03  4.90 0.423 

Digesta pH            

Gizzard  2.79 2.69 2.91  0.09 0.306 

Ileum 6.92 7.03 7.01  0.10 0.737 
1Gut health management program: CON, some medically important antibiotics (MIA) allowed; 

RWMIA, raised without MIA; RWA, raised without antibiotics 
a, b Means within a row with no common superscripts differ significantly (P < 0.05) 
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Table 5.2: Effects of gut health management programs and sex on organ weight, and intestinal length in broiler chickens at     

d 28 reared under research settings (study 2) 

   Organ weight (g/100g BW)  

Sex Program1 

Body 

weight 

(g) 

Empty 

Gizzard 
Spleen 

Empty 

Crop 

Empty 

Proventriculus 
Liver 

Bursa of 

Fabricius 
Pancreas 

Empty 

Small 

Intestine 

 

Small 

Intestine 

(cm) 

            

Male 
 

1,391a 1.67 0.10 0.25b 0.42 2.83 0.19 0.26 2.65a 162.71a 

Female 
 

1,245b 1.74 0.10 0.27a 0.42 2.86 0.18 0.26 2.47b 154.52b 

SEM 
 

18.20 0.05 0.004 0.01 0.01 0.04 0.01 0.01 0.07 2.63    
 

      
   

CON 1,326 1.54b 0.10 0.27 0.42 2.76b 0.19 0.24b 2.32b 155.72b  
RWMIA 1,285 1.85a 0.10 0.25 0.42 2.94a 0.19 0.26ab 2.41b 147.41c  
RWA 1,343 1.74a 0.11 0.26 0.42 2.82ab 0.17 0.28a 2.95a 172.72a  
SEM 28.68 0.05 0.004 0.01 0.01 0.05 0.01 0.01 0.06 2.08 

Sex * Program 
 

 
      

  

Male CON 1,367 1.61ab 0.10 0.26ab 0.44 2.84ab 0.19 0.25 2.35c 157.63 

Female CON 1,285 1.46b 0.10 0.28a 0.40 2.68b 0.19 0.23 2.29c 153.81 

Male RWMIA 1,374 1.81a 0.09 0.23b 0.41 2.97a 0.19 0.25 2.43c 151.38 

Female RWMIA 1,196 1.88a 0.10 0.27a 0.43 2.91ab 0.18 0.27 2.39c 143.44 

Male RWA 1,431 1.60ab 0.11 0.26ab 0.40 2.67b 0.18 0.28 3.16a 179.31 

Female RWA 1,255 1.88a 0.11 0.26ab 0.44 2.98a 0.17 0.29 2.75b 166.31  
SEM 30.57 0.07 0.01 0.01 0.01 0.06 0.01 0.01 0.08 2.52    

 
      

   
P-value 

 
 

      
   

Program 0.144 <0.001 0.232 0.083 0.964 0.019 0.176 0.011 <0.001 <0.001  
Sex <0.001 0.240 0.679 0.005 0.588 0.526 0.390 0.608 0.010 0.001  
Sex*Program 0.193 0.014 0.960 0.047 0.073 0.001 0.755 0.239 0.038 0.265 

1Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA; RWA, 

raised without antibiotics 
a, b,c Means within a column with no common superscripts differ significantly (P < 0.05) 
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Table 5.3: Effect of gut health management programs on jejunal histomorphology and 

concentration of short chain fatty acids (SCFA) in ceca digesta of broiler chickens at d 28 

reared under commercial settings (study 1)* 

Item  

Program 

P-value CON RWMIA RWA 

Jejunal Histomorphology 

    

 Villus Height (VH), µm 1,812.07±39.84 1,853.66±39.84 1,817.64±39.84 0.737 

 Crypt Depth (CD), µm 242.34±7.25 235.98±7.25 245.97±7.25 0.635 

 VH:CD Ratio 7.822±0.23 8.190±0.23 7.675±0.23 0.328 

     

SCFA, µmol/g 
    

Lactic 7.48±1.32 9.17±1.62 7.43±1.31 0.651 

Acetic 56.00±2.41 49.65±2.41 52.02±2.41 0.248 

Propionic 6.10±0.16 5.93±0.16 5.56±0.15 0.114 

Iso-butyric 9.45b±0.28 11.47a±0.33 8.98b±0.22 0.002 

n-Butyric 15.52±1.10 13.79±1.09 13.21±1.07 0.359 

Total butyric2 24.59±2.26 24.44±2.26 22.99±2.26 0.862 

Total SCFA3 97.05±4.16 92.64±4.17  90.56±4.16 0.563 

Molar Proportion (%) 
    

Lactic 8.23±1.52 10.53±1.95 8.76±1.62 0.641 

Acetic 57.82±2.38 51.47±2.38 55.95±2.38 0.231 

Propionic 6.83±0.21 6.86±0.21 6.57±0.20 0.560 

Iso-butyric 10.40ab±0.47 12.33a±0.54 9.98b±0.39 0.026 

n-Butyric 14.32±0.67 13.25±0.61 13.26±0.58 0.442 

Total butyric 22.44±1.07 25.48±1.20 23.88±1.13 0.242 
1Gut health management program: CON, some medically important antibiotics (MIA) allowed; 

RWMIA, raised without MIA; RWA, raised without antibiotics. 
*LSMeans reported ± SE.  Differences in number of observations among treatment groups led 

different SE. 
2Summation of iso-butyric and n-butyric acids 
3Summation of lactic, acetic, propionic, and total butyric acids 
a, b Means within a row with no common superscripts differ significantly (P < 0.05) 
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Table 5.4: Effect of gut health management program and sex on jejunal histomorphology 

of broiler chickens at d 28 reared under research settings (study 2) 

1Gut health management program: CON, some medically important antibiotics (MIA) allowed; 

RWMIA, raised without MIA; RWA, raised without antibiotics. 
a, b Means within a column with no common superscripts differ significantly (P < 0.05)

  Histomorphology, µm 

VH:CD ratio Villus height (VH) Crypt depth (CD) 

Male  1,623.55a 232.05 7.441a 

Female  1,411.27b 246.92 6.293b 

SEM  51.82 10.83 0.31 

 Program1    

 CON 1,545.03 213.40b 7.606a 

 RWMIA 1,571.97 215.71b 7.511a 

 RWA 1,435.23 289.34a 5.486b 
 SEM 68.08 10.03 0.31 

Sex*Program    

Male CON 1,703.05 224.54b 7.957 

Female CON 1,387.02 202.26b 7.256 

Male RWMIA 1,644.72 212.22b 7.987 

Female RWMIA 1,499.21 219.21b 7.033 

Male RWA 1,522.89 259.40b 6.380 

Female RWA 1,347.57 319.28a 4.591 
 SEM 90.14 12.90 0.38 

P-value 
   
   

 Program 0.378 <0.001 <0.001 
 Sex  0.017 0.194 0.001 
 Sex*Program 0.675 0.019 0.353 
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Table 5.5: Effect of gut health management programs and sex on ceca digesta concentration (µmol/g) of short chain fatty acids 

(SCFA) in broiler chickens at d 28 and d 41 reared under research settings (study 2) 

 Program1  Sex  P-value 

Item CON RWMIA RWA SEM  Male Female SEM  Program Sex Program*Sex 

d 28             

 Lactic 11.59 8.67 12.36 1.58  10.21 11.54 1.31  0.267 0.490 0.383 

 Acetic 80.41a 58.39b 59.41b 6.04  66.52 65.63 5.31  0.015 0.891 0.105 

 Propionic 10.00a 7.25ab 6.37b 0.94  7.16 8.59 0.81  0.037 0.214 0.237 

 Iso-butyric 9.80 8.11 8.99 0.52  8.97 8.96 0.44  0.128 0.993 0.522 

 n-Butyric 17.68 13.35 12.89 1.75  14.95 14.33 1.48  0.100 0.753 0.242 

 Total butyric2 27.49a 21.45b 21.89b 1.92  23.92 23.30 1.66  0.041 0.764 0.355 

 Total SCFA3 129.49a 95.76b 100.03b 7.99  107.80 109.06 7.17  0.007 0.885 0.258 

Molar proportion (%)             

 Lactic 9.30 9.46 12.56 1.58  9.96 10.94 1.31  0.267 0.592 0.113 

 Acetic 61.33 60.48 58.43 1.66  60.61 59.55 1.36  0.466 0.591 0.041 

 Propionic 8.08 7.93 6.92 0.80  7.33 7.96 0.65  0.568 0.515 0.307 

 Iso-butyric 8.17 8.72 9.49 0.63  8.83 8.75 0.52  0.378 0.919 0.078 

 n-Butyric 13.12 13.42 12.58 0.73  13.28 12.80 0.59  0.722 0.576 0.252 

 Total butyric 21.29 22.13 22.07 0.68  22.11 21.55 0.55  0.631 0.485 0.732 

d 41             

 Lactic 8.14 11.08 7.59 0.97  8.90 8.97 0.84  0.087 0.957 0.539 

 Acetic 69.44 71.76 76.74 7.03  78.39 66.90 5.58  0.759 0.171 0.994 

 Propionic 11.12 10.55 7.61 1.19  9.63 9.89 0.97  0.103 0.855 0.022 

 Iso-butyric 8.91 8.17 7.84 0.48  7.89 8.71 0.39  0.344 0.182 0.919 

 n-Butyric 14.32 18.05 16.34 2.09  17.88 14.59 1.68  0.459 0.184 0.648 

 Total butyric2 23.22 26.22 24.18 2.05  25.77 23.30 1.66  0.560 0.292 0.580 

 Total SCFA3 111.93 119.60 116.12 9.50  122.70 109.06 7.57  0.845 0.218 0.991 
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 Program1  Sex  P-value 

Item CON RWMIA RWA SEM  Male Female SEM  Program Sex Program*Sex 

Molar proportion (%)             

 Lactic 7.50 9.64 7.14 0.89  7.93 8.26 0.76  0.179 0.779 0.653 

 Acetic 61.51 59.67 64.54 1.61  62.67 61.14 1.36  0.169 0.463 0.849 

 Propionic 9.83 8.82 7.20 0.99  7.99 9.24 0.82  0.085 0.191 0.020 

 Iso-butyric 8.67 7.50 7.75 0.81  7.27 8.68 0.64  0.615 0.179 0.936 

 n-Butyric 12.49 14.37 13.38 1.00  14.14 12.69 0.81  0.396 0.204 0.084 

Total butyric 21.16 21.87 21.12 0.95  21.41 21.37 0.77  0.816 0.969 0.090 
1Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA; RWA, raised 

without antibiotics. 
2Total butyric is the summation of iso-butyric and n-butyric 
3Total SCFA is the summation of lactic, acetic, propionic, and total butyric 

a, b Means within a row with no common superscripts differ significantly (P < 0.05).
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CHAPTER 6 

COMPARATIVE IMPACT OF CONVENTIONAL AND ALTERNATIVE GUT 

HEALTH MANAGEMENT PROGRAMS ON PLASMA BIOCHEMICAL PROFILES, 

AND TIBIA ATTRIBUTES IN BROILER CHICKENS RAISED IN COMMERCIAL 

AND RESEARCH SETTINGS 

6.1 ABSTRACT 

 This study evaluated the blood metabolites and tibia attributes of broiler chickens reared 

on one of three gut health management programs: 1) conventional (CON), 2) raised without 

medically important antimicrobials (RWMIA), and 3) raised without antibiotics (RWA) in 

commercial (study 1) and research settings (study 2).  Blood samples were collected to determine 

plasma metabolites and birds were subsequently euthanized, weighed, and necropsied for left 

tibia samples.  Tibia were examined for fresh weight, length, diameter, and ash content.  Data 

were analyzed for the main effects and associated interactions using ANOVA procedures.  On d 

28 there were no program differences (P > 0.05) for plasma proteins, lipids, carbohydrates, 

minerals, electrolytes, or organic compounds in study 1.  In study 2, there were no program 

differences (P > 0.05) for plasma electrolytes or minerals.  Differences in plasma enzyme 

concentrations were observed in both studies.  A notably higher level of circulating plasma 

alkaline phosphatase was reported in birds reared on the RWA program (P ≤ 0.04) at d 28 in 

both commercial and research settings which continued to d 41 in study 2.  Differences (P < 

0.05) were observed among programs for tibia length at d 28 in both studies.  Birds reared on 

RWMIA exhibited significantly (P = 0.016) higher tibia ash concentration than CON at d 41.  

The observed differences in the plasma biochemical profile and some tibia attributes suggest 

altered metabolism which could be linked to gut health management programs and their ability to 

support gut integrity and function in the absence of antibiotics. 
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6.2 INTRODUCTION 

The avian plasma biochemical profile allows specific groupings of analytes such as, 

proteins, enzymes, lipids, carbohydrates, minerals, and electrolytes to be reviewed.  The 

evaluation of these analytes can provide an overview of the general health and metabolic status 

of the animal (Greenacre et al. 2008).  Specifically, blood chemistry is indicative of absorption 

and transport of nutrients, blood gases, hormones, removal of waste products, regulation of water 

content, and regulation/maintenance of temperature.  Thus, various aspects of blood plasma 

biochemistry profiles can be indicators of metabolism, electrolyte balance, and overall health 

status as elevated levels may reflect damage to a primary organ system (Bami et al. 2021).  As 

the poultry industry moves away from the use of antibiotics in commercial poultry production,  

the potential consequences of weakened gut health on the absorption of nutrients needs to be 

evaluated.  Research has found that dietary components can influence blood plasma biochemistry 

and tibial attributes (Denli et al. 2009; Latorre et al. 2015; Adegoke et al. 2018; Nunes et al. 

2018; Wu et al. 2019; Zanu et al. 2020).  The patterns of blood biochemical parameters and tibial 

attributes observed among broiler chickens reared on various gut health programs could be 

indicators of disease, stress, muscle growth, skeletal growth, and bone turn-over (Kuttappan et al. 

2013; Akbari Moghaddam Kakhki et al. 2018; Cowieson et al. 2020).  Inflammation caused by 

pathogens and their associated toxins can irritate the GIT leading to increased sloughing of cells, 

increased mucous production, and a thickening of the intestinal wall (Berkes et al. 2003; Awad et 

al. 2017; Ducatelle et al. 2018).  An inflammatory response can reduce bone mineralization, 

elevating blood calcium (Mireles et al. 2005), while a coccidiosis challenge can lower plasma 

levels of sodium, and increase plasma potassium, total protein, globulin, and CO2 (Cowieson et 

al. 2020).  It is hypothesized that elevated levels of plasma potassium and decreased levels of 
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sodium are the result of cellular damage to the intestinal lining caused by a coccidiosis infection 

(Cowieson et al. 2020).  Necrotic enteritis is an additional enteric disease that will influence bone 

attributes.  It has been reported that a NE challenge will reduce tibial length, width, and bone ash 

concentration (Zanu et al. 2021).  These reductions in bone attributes may be associated with 

poor feed intake that is associated with the onset of enteric diseases (Zanu et al. 2020). With 

reduced intakes, and possible intestinal damage and inflammation caused by enteric infection, 

birds may not consume or absorb the required nutrients to support bone health.  Consequently, 

blood biochemical parameters and tibia attributes can be considered biomarkers of health status 

in growing broiler chickens.  It was hypothesized that birds reared on commercial gut health 

management programs will show similar values and ranges for blood analytes and tibial 

attributes because of the co-administration of complimentary strategies proven to support gut 

health in the absence of antibiotics.  Therefore, the overall objective of this study was to evaluate 

the impact of gut health management programs on plasma metabolites and tibial attributes of 

broiler chickens reared under commercial and research conditions as indicators of overall health 

status.  

6.3 MATERIALS AND METHODS 

6.3.1 Birds and Housing 

In study 1, nine commercial broiler chicken farms were recruited in the province of 

Ontario, Canada for the year-long study.  Two strains of broiler chickens (as hatched) were 

placed throughout the study representing the most common strains reared in Canada (Ross 708 

and Cobb 500).  Four hatcheries provided d-old chicks to the farms.  In study 2, a total of 2,304-

day-old Ross 708 chicks (equal males and females) were obtained from a commercial hatchery 

(Maple Leaf Poultry, New Hamburg, Ontario, Canada) and were weighed and allocated based on 
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initial body weight and sex to 48 floor pens (48 birds/pen) equipped with fresh wood shavings. 

The details of the birds and housing conditions used in the current study were outlined in Chapter 

4.  

6.3.2 Diets and medication programs 

Birds were reared under one of three commercial gut health management programs: 1) 

conventional (CON), where some medically important antibiotics (MIA) are allowed, 2) raised 

without MIA (RWMIA), and 3) raised without antibiotics (RWA).  Details of the gut health 

management programs, diet formulation, texture and medication rotation were detailed in 

Chapter 4.   

6.3.3 Experimental sampling 

6.3.3.1 Study 1 

 Eight visually normal birds were randomly selected over six consecutive flocks from 

each farm at d 28, placed in cardboard animal boxes (4 birds per box) and transported via car for 

approximately 150 km to the University of Guelph (Guelph, Ontario, Canada).  Upon arrival, 

blood was collected from each bird via cardiac puncture into lithium heparin-coated vacutainers, 

placed on ice, and transported to the laboratory for further processing.  Birds were subsequently 

euthanized via cervical dislocation, weighed individually and dissected for left tibia samples.   

6.3.3.2 Study 2 

 Two birds per pen were randomly selected on d 28 and d 41.  One bird was sampled for 

blood collection as per the methodology described in study 1.  Upon blood collection, both birds 

were euthanized via cervical dislocation, weighed, and dissected for left tibia samples. 
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6.3.4 Sample processing and analysis 

Blood samples were centrifuged at 2,500 x g for 15 mins at 4°C to separate out the 

plasma layer.  Plasma was extracted and pipetted into a microcentrifuge tube, separated in two 

aliquots and stored at −20°C until further analysis of an avian plasma biochemical profile at the 

Animal Health Laboratory could be completed (University of Guelph, Guelph, ON) (Greenacre 

et al. 2008; Robinson and Kiarie 2019).  Avian plasma biochemical profile reported total protein, 

enzymes, lipid, carbohydrates, electrolytes, and minerals.  Fresh tibia samples were de-fleshed 

and weighed.  The length and diameter at the mid-point of the fresh tibia was measured using a 

digital caliper.  Tibia samples were then frozen at -20ºC until further analysis.  Bone samples 

were defatted by soaking in hexane for 48 h prior to drying.  Samples were subsequently dried at 

105ºC for 24 h, weighed and ashed at 600ºC for 12 h (Akbari Moghaddam Kakhki et al. 2018). 

The weight of ash was recorded. 

6.3.5 Calculations and statistical analyses 

The fresh tibia weight was reported as percentage of BW (g/100g BW).  Tibia ash was 

reported as a percentage of dry tibia weight ((ash/dry tibia weight)*100)).  For study 1, data were 

analyzed using a Generalized Linear Mixed Model in SAS where the model had program as a 

fixed effect and farm was considered a random effect (SAS 9.4; SAS Institute Inc., Cary, 

NY).  The model was: Y = µ + P + F(P) + R(F) + Ɛ, where Y= response variable, µ = mean, P = 

gut health management program, F= farm, R= flock, F(P) = farm within the program, R(F) = 

flock within the farm, and Ɛ = residual error.  The farm within program and the flock within the 

farm were also considered random effects.  For study 2, data were analyzed using ANOVA 

procedures with sex, program and associated interactions as fixed variables in R statistical 

software (R Core Team, 2020).  The model was Yijkl = µ + ai + bj + ck + abij + Ɛijkl. Where, Yijkl = 
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response variable, µ = mean, ai = gut health management program, bj = sex, ck = block, abij = 

interaction of program and sex, and Ɛijkl = residual error.  Tukey-Kramer adjustment was used to 

separate LSMeans.  Statistical significance was declared at P < 0.05.  A statistical trend towards 

significance was considered at P < 0.10. 

6.4 RESULTS 

6.4.1.1 Blood plasma 

In study 1, gut health management program had no impact (P > 0.05) on several 

categories of plasma metabolites including: proteins, lipid, carbohydrates, electrolytes, minerals, 

blood gas, creatinine, uric acid, and bile acid (Table 6.1).  Birds reared on the RWA program had 

significantly higher plasma concentrations (P ≤ 0.04) of alkaline phosphatase (ALP) and 

gamma-glutamyl transferase (GGT) and significantly lower amylase, aspartate transaminase 

(AST), creatine kinase (CK), and lactate dehydrogenase (LDH) compared to the other programs.  

Lipase levels did not differ significantly among programs (P = 0.176).  In study 2, there was an 

interaction between sex and program for creatinine at d 28 (Table 6.2).  An interaction was 

observed (P = 0.048) for creatinine with females on the RWMIA program showing a 

significantly higher (P = 0.021) concentration than females on the CON program (23.375µmol/L 

vs. 14.250 µmol/L).  There was also an interaction between sex and program (P = 0.025) for 

amylase at d 41 (Table 6.3) with males on the RWA program showing a significantly lower 

concentration than CON males (P = 0.019), RWMIA females (P = 0.031) and RWA females (P 

= 0.036).  In study 2, gut health management program had no impact (P > 0.05) on minerals or 

electrolytes at d 28.  A significant effect of gut health management program was observed with 

birds reared on the RWA program showing significantly lower (P ≤ 0.04) concentrations of 

albumin (ALB) and a lower corresponding albumin to globulin (GLO) ratio (ALB:GLO) 
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compared to the other programs.  Cholesterol concentration was 18% and 26% lower (P ≤ 

0.0001), and glucose concentration was 4% and 8% lower (P ≤ 0.003) in RWA birds compared 

to CON and RWMIA respectively, while bile acid was 77% and 74% lower (P < 0.0001) in 

RWMIA and RWA birds compared to CON.  Birds reared on the RWMIA also showed 

significantly lower (P = 0.029) CO2 levels compared to the other programs.  Birds reared on the 

RWA program had significantly higher plasma concentrations (P = 0.007) of ALP compared to 

the other programs while birds on the RWMIA program showed higher concentrations of AST, 

CK, GGT, and glutamate dehydrogenase (GDH) compared to the other programs.  The 

differences among programs for plasma enzymes disappeared at d 41 with the exception of ALP 

which remained significantly higher in RWA birds compared to the other programs (P < 0.001).  

No differences were observed among programs for lipase at d 28 or d 41.  An interaction effect 

was observed among males on the RWA program showing significantly (P = 0.001) higher 

concentrations of uric acid (442.88 µmol/L) compared to females on CON (226.75 µmol/L), 

males on CON (248.38 µmol/L), females on RWMIA (260.13 µmol/L), and females on RWA 

(172.50 µmol/L).  No differences were observed among the gut health management programs for 

plasma proteins, cholesterol, glucose, CO2, creatinine, sodium, chloride or calcium.  Birds reared 

on the RWA program had significantly lower bile acid (P  = 0.001), potassium (P = 0.003), and 

phosphorus (P = 0.042) concentrations compared to the other programs.  A sex effect was 

observed in some plasma enzyme concentrations at d 28 with males showing higher ALP and 

lower AST compared to females (P ≤ 0.036).  Cholesterol level was also 8% higher in males 

compared to females (P = 0.002).  At d 41, the effect of sex on plasma enzymes disappeared.  

However, cholesterol continued to be 8% higher in males compared to females (P = 0.014).  
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There were no sex effects observed for plasma proteins, lipase, glucose, creatinine, CO2, bile 

acid, electrolytes, or minerals at d 28 or d 41. 

6.4.1.2 Tibia attributes 

 A significant difference (P = 0.016) was observed in study 1 for tibia length among the 

different programs at d 28 (Table 6.4).  The tibia was 4.5% longer in birds reared on the CON 

program compared to the RWA program.  There were no differences among programs for tibia 

diameter, relative tibia weight, or tibia ash content (P ≥ 0.272).  In study 2, an interaction 

between sex and program was observed for tibia length at d 28 (Table 6.5).  Male birds reared on 

the RWA program were observed to have significantly longer (P ≤ 0.013) tibias compared to 

females and males on the other programs.  The tibia of male broiler chickens on the RWA 

program was 3.88, 6.55, 6.10, 3.90, and 3.5% longer than females on CON, RWMIA, and RWA 

programs and males on the CON and RWMIA programs, respectively.  At d 41, the results 

showed that tibia ash content was significantly different among programs (P = 0.016).  Birds 

reared on the RWMIA had 2.9% more ash content than CON.  Tibia diameter and tibia weight 

relative to body weight (g/100g BW) tended (P ≤ 0.090) to be different among programs.  

Significant sex effects were observed for tibia attributes at both d 28 and d 41.  Males 

consistently showed higher relative tibia weight, length, and ash (g/kg BW) (P ≤ 0.007), while 

females had a greater ash percentage compared to males (P ≤ 0.022). 

6.5 DISCUSSION 

6.5.1 Blood plasma 

 Evaluating the serologic profile of domestic animals has proven to be a useful tool in 

understanding an animal’s overall health status which can assist in the diagnosis of a particular 

disease.  However, obtaining reference values that represent normal healthy chickens has proven 
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to be somewhat elusive in the published literature.  Though Brugere-Picoux et al. (2015) reported 

blood biochemical parameters for broiler chickens aged 35-45 days as reference values for 

healthy chickens.  In these studies, clinically normal chickens were selected under commercial 

and research conditions.  Realizing that stress, seasonality, breed, sex, age, and enteric challenge 

can play a role in influencing blood parameters, these factors are expected to contribute to the 

variability associated with parameters investigated under commercial conditions (Meluzzi et al. 

1992; Cowieson et al. 2020; Livingston et al. 2020; Nelson et al. 2020).  However, in study 2, 

under research settings, the environmental conditions were constant for broiler chickens of the 

same breed and sex.  Therefore, the observed differences among metabolites should solely be 

due to the main effects of sex, program or associated interactions.     

6.5.2 Plasma enzymes 

Differences were observed among gut health management programs and sex whereby 

metabolites were significantly different among these main effects.  At d 28, in study 1 and at d 

28 and d 41 in study 2 the ALP concentration was significantly higher in RWA birds.  It has been 

suggested that an increased concentration of ALP may be indicative of increased osteoblast and 

osteoclast activity contributing to bone remodeling or growth (Viveros et al. 2002; Brugere-

Picoux et al. 2015).  Due to the rapid growth rate and high osteoblast activity in young birds, 

ALP is expected to be higher in younger chicks compared to older birds (Meluzzi et al. 1992).  

Study 2 is in agreement with this as the observed ALP levels declined from d 28 to d 41.  In 

study 2, the ALP levels were 51% higher in males compared to females at d 28.  The difference 

between the sexes is hypothesized to be caused by differences among growth rates between the 

sexes (Meluzzi et al. 1992).  However, the corresponding differences in tibia length and relative 

weight at d 28 were approximately 3% and 11% lower in females compared to males.  The BWG 



 
 
 

113 

 

between d 15 to 28 was reported in Chapter 4 to be 10% lower in females compared to males.  

Consequently, the growth rate and bone attribute differences do not appear to be proportional to 

the differences in ALP concentration among the sexes.  It is possible that the ALP differences 

observed among sexes is influenced by other factors aside from growth rate and bone 

metabolism.  It has been reported that a decreased concentration of ALP may be caused by a 

downregulation of this enzyme as a result of increased phosphorus (P) availability (Viveros et al. 

2002; Sangalli et al. 2021).  The plasma P levels were numerically lower in RWA birds in study 

1, tended to be lower in study 2 at d 28, and were significantly lower at d 41 for birds on RWA 

compared to the other programs.  It is possible that the lower plasma P concentration in the RWA 

birds led to the increased ALP activity that was observed.  It has also been reported that phytase 

supplementation will decrease ALP activity.  Although all programs were formulated to contain 

similar levels of available P as reported in Chapter 4 (Table 4.1), the CON and RWMIA 

programs contained animal proteins and used phytase enzyme supplied at 500FTU/kg of diet, 

while the RWA program did not include any animal proteins and used phytase enzyme supplied 

at 1500FTU/kg of diet.  Previous research has reported a decrease in ALP when diets are 

supplemented with phytase (Kiarie et al. 2022), and decreased ALP is further reduced when 

phytase is supplemented to diets with the lowest concentrations of non-phytate phosphorus 

(nPP) (Viveros et al. 2002).  Future research investigating the nPP content of gut health 

management programs are warranted as antinutritional factors such as phytate could be 

influencing metabolism and blood plasma metabolites.   

Elevated levels of ALP  and GGT can be indicators of liver disease.  Normal reference 

values for broiler chickens range from 600-15000 U/L for ALP and 8-25 U/L for GGT (Brugere-

Picoux et al. 2015).  The elevated ALP and GGT values observed in RWA birds in study 1 
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(Table 6.1), and elevated ALP in RWA (Table 6.2) and GGT in RWMIA (Table 6.2) birds 

compared to CON in study 2, paired with the increased liver weight reported in Chapter 5 may 

suggest the onset of liver disease.  However, the reported values for ALP and GGT of the birds 

reared on each of the gut health management under both commercial (study 1) and research 

settings (study 2) were all within the normal range for reference values which would be 

indicative of a healthy physiological state.  

Elevated levels of AST are associated with liver damage, CK, AST, and LDH are 

associated with muscle damage, GDH is associated with hepatic necrosis and LDH with liver 

disease (Kuttappan et al. 2013; Brugere-Picoux et al. 2015; Mohammadigheisar et al. 2020a). 

Differences in the concentrations of plasma amylase, AST, CK, GDH, and LDH were observed 

among the programs throughout study 1 and 2 at d 28.  However, the observed differences were 

not consistent among studies.  Since study 1 occurred across 9 commercial farms, throughout the 

course of a calendar year, it is expected that seasonality, breed, and stress could have influenced 

the mean values, while study 2 utilized birds in a research environment, within one season, with 

an identical breed and separated by sex.  Therefore, the conditions under research settings were 

relatively constant.  

Under commercial conditions (study 1), at d 28 birds reared on the CON and RWMIA 

programs had higher CK and LDH levels than the normal published values of 650-7300 U/L and 

200-600 U/L, respectively (Brugere-Picoux et al. 2015).  Under research settings (study 2), 

higher than normal levels of CK were observed in RWMIA birds at d 28 and in females 

compared to males.  Numerically higher CK values have been reported in female chickens 

compared to males (Livingston et al. 2020).  The LDH levels were higher than normal for all 

programs and both males and females.  The elevated levels of CK are indicative of muscle 
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myopathy while elevated levels of LDH is indicative of acute liver disease (Brugere-Picoux et al. 

2015).  In both studies at d 28, broiler chickens reared on the RWA program showed normal 

values for CK.  Elevated levels of CK have been associated with fast growing broiler strains 

compared to slow-growing strains (Mohammadigheisar et al. 2020a).  Therefore it is possible 

that the elevated CK levels reported for CON and RWMIA birds at d 28 are related to growth 

rate.  However, data reported in Chapter 4 (Table 4.6) indicate a higher BWG at d 28 for CON 

and RWMIA compared to RWA, however, the CK value for CON (5837.25 U/L) at d 28 (study 

2) is within normal range, suggesting that the elevated CK value was not related to growth rate.  

At d 41, AST, CK, and LDH were all higher than the published normal ranges for all programs 

and sexes.  With limited data to support reference values for these plasma enzymes coinciding 

with birds greater than 35 days of age, it is possible that the higher values observed in these 

studies could be considered normal as previous research evaluating the plasma metabolites of 

conventional broiler strains reared under research conditions have shown higher AST, CK, and 

LDH values at d 48 than the published normal reference values (Livingston et al. 2020; 

Mohammadigheisar et al. 2020b; Mohammadigheisar et al. 2020a).  Age is a critical factor 

associated with hematology results and future research to establish normal reference values for 

commercial broiler chickens at different ages is warranted.  

Elevated levels of AST, CK, and LDH have been associated with muscle damage in birds 

exhibiting severe breast myopathies (Kuttappan et al. 2013).  At d 41 in study 2, there were no 

statistical differences among programs or sex for AST, CK, or LDH.  However, Chapter 4 

reported severe myopathies in approximately 30% of the breasts examined among birds reared 

on the CON and RWA program and 0% in birds reared on the RWMIA.  Therefore, the plasma 

levels of these enzymes do not appear to influence the occurrence of severe myopathies.   
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At d 41, the amylase concentration in the RWA males (279.88U/L) was marginally below 

the normal range values of 296-638U/L reported by Brugere-Picoux et al. (2015) while all other 

interactions were unremarkable and within the normal range values.  A negative correlation has 

been reported between broiler plasma amylase concentrations and the cecal presence of bacterial 

phyla Firmicutes (Das et al. 2020).  Therefore, it is possible that the male broiler chickens on the 

RWA program exhibited different proportions of the phylum Firmicutes as compared to the 

treatment groups, which influenced the blood metabolites (Torok et al. 2013; Das et al. 2020).  

Further research evaluating the cecal bacterial phyla of birds reared on the gut health 

management programs is warranted.   

6.5.3 Plasma proteins 

The observed differences among programs for ALB concentrations and the corresponding 

ALB:GLO are biomarkers for overall nutritional status and immune function (Das et al. 2020).  

Low ALB concentrations could indicate malnutrition, protein deficiency, or parasitism (Brugere-

Picoux et al. 2015).  In study 2, birds on the RWA program showed 13.6% and 8.1% lower ALB 

concentrations at d 28 compared to RWMIA and CON birds, respectively, which may be 

indicative of a malabsorption of nutrients.  Considering birds are at the highest risk of onset of 

necrotic enteritis at 3 weeks of age, and a subclinical infection caused by Clostridium 

perfringens can lead to intestinal damage, it is possible that the blood sampling at d 28 coincided 

with a subclinical enteric disease that led to the lower ALB concentrations exhibited by the 

RWA birds (Moore 2016; Broom 2017; Hofacre et al. 2018).  The liver can synthesize plasma 

proteins including albumin.  Data from Chapter 5 indicated that the birds on the RWA  program 

had larger liver weights compared to CON (Table 5.2).  Therefore, the larger liver weight 

observed in RWA birds may be related to metabolic demands associated with the production of 
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albumin. By d 41, the differences among programs for ALB and ALB:GLO disappeared which 

may suggest that birds were able to overcome any enteric challenge they experienced earlier on 

in the production cycle.  

6.5.4 Plasma lipid and carbohydrate 

In study 2, differences among programs were observed for cholesterol and glucose levels 

at d 28.  Birds on the RWA program exhibited 26% and 18% lower cholesterol and 8% and 4% 

lower glucose concentrations than RWMIA and CON, respectively.  The lower plasma 

cholesterol concentration observed in the RWA birds was expected as this program contained a 

protected organic acid-essential oil blend (Table 4.1).  These types of additives are known to 

exert a cholesterol lowering effect caused by an inhibition of the liver enzyme hepatic 3hydroxy-

3-methylglutaryl coenzyme A reductase (Adewale et al. 2021).  Since the liver is responsible for 

maintaining a constant concentration of blood glucose, it is possible that the greater liver weight 

observed in Chapter 5 (Table 5.2) among RWA birds was caused by the increased metabolic 

demand to produce more glucose.  However, the overall reported values for glucose and 

cholesterol among programs are within the published normal reference values for broiler 

chickens (glucose 11.1-20.5mmol/L and cholesterol 2.9-4.5mmol/L) (Brugere-Picoux et al. 

2015).  By d 41, the differences among programs disappeared.  A difference among sexes was 

observed for cholesterol concentrations at d 28 and d 41 in study 2 with females showing an 8% 

lower cholesterol concentration compared to males at both ages. This is in agreement with 

previous research that reported lower cholesterol levels in females compared to  males (Meluzzi 

et al. 1992).  



 
 
 

118 

 

6.5.5 Other organic compounds 

The liver plays a key role in bile formation which is required for fat digestion.  It has 

been suggested that higher levels of serum bile acids are associated with an enhanced ability to 

emulsify fats (Dong et al. 2015).  However, increased bile formation may not result in increased 

liver weight (Zaefarian et al. 2019).  In study 2, bile acid was significantly higher in the CON 

birds compared to the RWMIA and RWA with CON birds showing a four-fold increase in bile 

acid concentration at d 28 compared to RWMIA and RWA and a three-fold increase at d 41 

compared to RWA.  The CON program contained the highest level of crude fat as per the 

analyzed composition reported in Chapter 4 (Table 4.3) and birds reared on this program had the 

lowest liver weights as reported in Chapter 5 (Table 5.2).  Therefore, it is possible that the birds 

on the CON program were extremely efficient at emulsifying fats, as illustrated by the higher 

bile acid concentrations, but this did not result in increased liver weights.  

 The elevated plasma bile acid concentrations that were observed among programs may 

be associated with differences in the gut microbial population.  It has been reported that different 

phyla can be influenced by bile acid metabolism (Wahlström et al. 2016; Gu et al. 2017; Das et 

al. 2020).  It is possible that the strategies employed in the CON program influenced the gut 

microbial population which lead to alterations in plasma bile acid concentration.  As per the 

findings reported in Chapter 5, the cecal SCFA were different among gut health management 

programs which could be associated with decreased abundance of certain types of bacteria.  This 

supports the hypothesis that different phyla could be leading to alterations in plasma bile acid 

that were observed in these studies.  Future research studying the impact of gut health 

management programs on microbial phyla and the correlation to plasma metabolites, such as bile 

acids is warranted. 
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6.5.6 Tibia attributes 

Enteric challenges such as coccidiosis, NE, and mucosal damage caused by diet 

composition are known to alter the mineral content and bone development of commercial broiler 

chickens (Tellez et al. 2014; Akbari Moghaddam Kakhki et al. 2018; Zanu et al. 2021).  The 

application of feeding strategies and antibiotics as part of a feeding program can ameliorate an 

enteric challenge by protecting gut integrity, thereby improving nutrient utilization and 

supporting bone development (Zanu et al. 2020; Bean-Hodgins and Kiarie 2021).  As a result, 

tibia attributes were evaluated in research and commercial conditions in order to gain an 

understanding of how gut health management programs impact skeletal development.  

In study 1, the tibia was longer for birds reared on CON and RWMIA compared to RWA.  

It is possible that the use of animal products in the CON and RWMIA programs contributed to 

the increased tibia length as it has been reported that bone meal provides a readily available 

source of phosphorus that can lead to increased tibia length (Barshan et al. 2019).  However, the 

same effect was not observed in study 2 where an interaction between sex and program was 

observed such that male broilers on the RWA program showed the longest tibia values compared 

to all other sex and program combinations at d 28.  Although the diets were balanced with 

similar calcium and phosphorus, it is possible that ingredient variability led to differences in the 

amount of calcium or phosphorus that was actually available to the birds.  The reduced levels of 

plasma P that were observed in RWA birds further supports the possibility that ingredient 

variability could lead to differences in the amount of phosphorus that was available to the bird.  

By d 41, the differences among programs for tibia length disappeared and the ALP 

concentrations decreased, but remained significantly higher for the RWA program, indicating 

that bone growth was still occurring but not at the same rate as it was at d 28.  
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Bone ash as a percentage of dry tibia weight was greater in birds reared on the RWMIA 

program comparted to CON at d 41 in study 2.  However, the bone ash weight relative to body 

weight was not different among programs at either sampling age in study 2, nor was it different 

among programs in study 1 at d 28.  It has been suggested that a lower relative tibia ash content 

could represent an index for skeletal disorders (Mohammadigheisar et al. 2020a).  In addition, 

enteric challenges such as coccidiosis are known to reduce relative tibia ash and ash percentage 

(Akbari Moghaddam Kakhki et al. 2018).  In these studies, differences were not observed in 

relative tibia ash content among birds reared on gut health management programs which would 

suggest that birds reared on these programs showed equal vulnerability to skeletal disorders and 

did not appear to succumb to differences in ash content as a result of exposure to enteric 

diseases.  

 Male broiler chickens had greater values for tibia length, diameter, relative weight, and 

relative ash content.  This was expected as previous research has shown sex associated 

differences for tibial attributes (Applegate and Lilburn 2002; Akbari Moghaddam Kakhki et al. 

2018).  However, females showed a higher ash content as a percentage of dry tibia weight, which 

is contrary to the results reported by Akbari Moghaddam Kakhk et al. (2018) but is in agreement 

with others (Bond et al. 1991; Skinner and Waldroup 1995).  It is hypothesized that observed 

differences for tibial attributes among sexes is related to differences in growth rate (Bond et al. 

1991).  This is supported by performance data reported in Table 4.6 in Chapter 4 where male 

chickens exhibited higher BW and BWG across various stages of growth compared to females. 

In conclusion, birds reared on alternative gut health management programs showed some 

differences in blood plasma metabolites; however, the values were typically within normal levels 

as per published reference values.  The differences in some enzymes, proteins and minerals could 
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suggest some minor differences in metabolism which might be related to differences in the 

proportions of bacterial phyla residing in the ceca.  The tibia attributes that were observed in this 

study do not appear to be impacted by gut health management program.  This would substantiate 

the hypothesis that the gut health management programs are supporting skeletal health in the 

absence of antibiotics. 
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Table 6.1 Effect of gut health management programs on plasma biochemical profile of broiler chickens at d 28 reared under 

commercial settings (study 1) 

Category Metabolite 

Program1 

SEM P-value 
CON RWMIA RWA 

Proteins, g/L       

 Total Protein 27.80 27.86 30.04 0.82 0.155 

 Albumin (ALB) 11.11 11.44 11.65 0.38 0.628 

 Globulin (GLO) 16.69 16.37 18.36 0.65 0.122 

 ALB:GLO ratio 0.67 0.71 0.64 0.03 0.343 

Enzymes, U/L      

 Alkaline phosphatase 6147.90ab 5889.57b 8635.02a 752.61 0.040 

 Amylase 486.71ab 574.10a 423.76b 24.35 0.007 

 Aspartate transaminase 242.75a 240.67a 195.54b 7.80 0.005 

 Creatine kinase 10925.14a 9789.39a 4222.89b 1376.49 0.003 

 Gamma-glutamyl transferase 13.33b 13.41b 15.33a 0.46 0.030 

 Glutamate dehydrogenase 2.38 2.58 2.12 0.20 0.296 

 Lactate dehydrogenase 848.57ab 942.28a 575.50b 99.50 0.036 

 Lipase 8.00 9.39 8.97 0.85 0.485 

Lipid, mmol/L      

 Cholesterol 2.91 3.08 3.19 0.09 0.169 

Carbohydrate, mmol/L      

 Glucose 14.35 15.00 14.56 0.19 0.119 

Other Organic Compounds, µmol/L      

 Creatinine 25.59 24.51 18.15 2.35 0.074 

 Uric Acid 303.60 338.06 317.80 15.62 0.364 

 Bile acid 7.85 7.77 8.78 0.56 0.385 

Blood gas, mmol/L      

 CO2 21.51 21.70 21.51 0.29 0.872 
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Category Metabolite 

Program1 

SEM P-value 
CON RWMIA RWA 

Electrolytes, mmol/L      

 Sodium 149.51 147.51 146.56 0.72 0.069 

 Potassium 6.44 6.41 6.35 0.10 0.815 

 Chloride 110.67 108.87 108.01 0.70 0.087 

Minerals, mmol/L      

 Calcium 2.25 2.15 2.25 0.09 0.658 

 Phosphorus 1.91 1.81 1.78 0.04 0.175 
1Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA; RWA, 

raised without antibiotics 
a, b Means within a row with no common superscripts differ significantly (P < 0.05) 
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Table 6.2: Effect of gut health management programs and sex on plasma biochemical profile of broiler chickens at d 28 reared 

under research settings (study 2) 

Category Metabolite 

Program1 
SEM 

Sex 
SEM 

P-value 

CON RWMIA RWA Male Female Program Sex Program*Sex 

Proteins, g/L           

 Total Protein 27.56 29.38 27.75 0.75 28.42 28.04 0.63 0.188 0.666 0.772 

 
Albumin 

(ALB) 
13.88ab 14.75a 12.75b 0.38 13.50 14.00 0.35 0.004 0.346 0.774 

 
Globulin 

(GLO) 
13.69 14.63 15.00 0.67 14.83 14.04 0.55 0.347 0.297 0.713 

 
ALB:GLO 

ratio 
1.02a 1.02a 0.89b 0.04 0.95 1.01 0.04 0.039 0.170 0.842 

Enzymes, U/L           

 
Alkaline 

phosphatase 
5808.50b 5858.06b 10928.00a 1138.44 9057.25a 6005.79b 997.42 0.007 0.036 0.683 

 Amylase 763.94 490.94 468.50 93.90 547.92 601.00 80.64 0.103 0.663 0.381 

 
Aspartate 

transaminase 
177.18b 216.06a 202.56ab 7.50 189.13b 208.08a 6.64 0.003 0.033 0.624 

 
Creatine 

kinase 
5837.25b 11328.00a 7047.69ab 1458.41 6749.38 9392.58 1254.97 0.029 0.120 0.495 

 

Gamma-

glutamyl 

transferase 

13.50ab 15.56a 13.13b 0.77 14.04 14.08 0.66 0.049 0.960 0.467 

 
Glutamate 

dehydrogenase 
3.63b 5.56a 3.69ab 0.58 4.83 3.75 0.49 0.028 0.095 0.744 

 
Lactate 

dehydrogenase 
692.56 870.69 760.18 55.92 724.71 824.25 46.54 0.070 0.111 0.518 

 Lipase 10.69 8.06 7.81 1.03 8.20 9.50 0.86 0.176 0.346 0.190 

Lipid, mmol/L           

 Cholesterol 3.77b 4.19a 3.10c 0.09 3.83a 3.54b 0.12 <0.0001 0.002 0.224 

Carbohydrate, mmol/L           

 Glucose 13.64ab 14.28a 13.16b 0.21 13.79 13.60 0.19 0.003 0.410 0.776 
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Category Metabolite 

Program1 
SEM 

Sex 
SEM 

P-value 

CON RWMIA RWA Male Female Program Sex Program*Sex 

Other Organic Compounds, µmol/L          

 Creatinine 16.00 21.06 19.50 1.44 19.54 18.17 1.24 0.052 0.409 0.048 

 Uric Acid 262.06 310.63 261.31 30.77 313.04 242.96 24.23 0.473 0.071 0.974 

 Bile acid 12.19a 2.81b 3.18b 1.06 5.96 6.58 1.22 <0.0001 0.634 0.341 

Blood gas, mmol/L           

 CO2 21.37a 19.63b 20.94ab 0.46 20.58 20.67 0.40 0.029 0.870 0.504 

Electrolyte, mmol/L           

 Sodium 149.94 150.44 150.00 0.46 149.79 150.46 0.37 0.744 0.257 0.424 

 Potassium 6.56 6.43 6.47 0.10 6.52 6.45 0.08 0.708 0.622 0.693 

 Chloride 110.56 111.00 112.44 0.62 111.42 111.92 0.51 0.371 0.549 0.852 

Minerals, mmol/L           

 Calcium 1.96 1.90 1.82 0.09 1.96 1.82 0.07 0.528 0.184 0.924 

 Phosphorus 1.67 1.55 1.52 0.05 1.61 1.54 0.04 0.078 0.239 0.086 

1Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA; RWA, 

raised without antibiotics 
a, b Means within a row with no common superscripts differ significantly (P < 0.05) 
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Table 6.3: Effect of gut health management programs and sex on plasma biochemical profile of broiler chickens at d 41 reared 

under research settings (study 2) 

Category Metabolite 

Program1 
SEM 

Sex 
SEM 

P-value 

CON RWMIA RWA Male Female Program Sex Program*Sex 

Proteins, g/L           

 Total Protein 29.88 30.25 29.31 0.75 29.79 29.83 0.61 0.704 0.964 0.370 

 
Albumin 

(ALB) 
13.25 12.94 12.81 0.41 13.00 13.00 0.33 0.740 1.000 0.494 

 
Globulin 

(GLO) 
16.63 17.31 16.50 0.57 16.79 16.83 0.46 0.572 0.951 0.539 

 
ALB:GLO 

ratio 
0.81 0.76 0.78 0.03 0.79 0.78 0.03 0.406 0.903 0.986 

Enzymes, U/L           

 
Alkaline 

phosphatase 
1783.44b 1497.69b 3107.19a 274.49 1940.29 2318.58 262.60 <0.001 0.222 0.173 

 Amylase 414.75 463.32 376.06 43.37 408.63 427.46 35.41 0.377 0.710 0.025 

 
Aspartate 

transaminase 
424.19 544.19 436.94 53.44 459.42 477.46 44.55 0.277 0.785 0.628 

 
Creatine 

kinase 
40294.69 60295.50 36912.50 8722.06 45293.50 46374.96 7364.12 0.175 0.920 0.509 

 

Gamma-

glutamyl 

transferase 

15.63 13.13 15.19 0.88 14.67 14.63 0.74 0.141 0.967 0.321 

 
Glutamate 

dehydrogenase 
3.00 3.38 2.81 0.33 2.96 3.17 0.27 0.435 0.564 0.838 

 
Lactate 

dehydrogenase 
2287.31 4137.94 1830.50 668.00 2545.25 2958.58 576.57 0.069 0.617 0.306 

 Lipase 11.56 11.06 8.44 1.56 11.46 9.25 1.27 0.236 0.171 0.386 

Lipid, mmol/L           

 Cholesterol 3.70 3.47 3.46 0.10 3.68a 3.41b 0.08 0.115 0.014 0.803 

Carbohydrate, mmol/L           

 Glucose 14.24 14.23 13.79 0.26 14.17 14.00 0.21 0.316 0.547 0.997 
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Category Metabolite 

Program1 
SEM 

Sex 
SEM 

P-value 

CON RWMIA RWA Male Female Program Sex Program*Sex 

Other Organic compound, µmol/L          

 Creatinine    25.75 25.63 21.75 3.82 24.50 24.25 3.10 0.513 0.938 0.241 

 Uric Acid 237.56 271.75 297.69 30.54 318.21a 219.79b 23.00 0.167 <0.001 0.001 

 Bile acid 15.00a 12.81a 5.94b 1.81 10.17 12.33 1.65 0.001 0.241 0.110 

Blood gas, mmol/L           

 CO2 21.69 23.13 22.06 0.46 22.75 21.83 0.38 0.080 0.087 0.756 

Electrolytes, mmol/L           

 Sodium 154.19 154.25 154.88 0.55 155.08 153.79 0.43 0.624 0.053 0.230 

 Potassium 6.52a 6.63a 5.82b 0.15 6.20 6.44 0.14 0.003 0.200 0.619 

 Chloride 115.81 115.31 116.50 0.53 115.63 116.13 0.44 0.316 0.432 0.061 

Minerals, mmol/L           

 Calcium 2.00 2.07 2.12 0.07 2.04 2.08 0.06 0.414 0.640 0.967 

 Phosphorus 1.65ab 1.73a 1.57b 0.05 1.60 1.70 0.04 0.042 0.071 0.604 
1Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA; RWA, 

raised without antibiotics 
a, b Means within a row with no common superscripts differ significantly (P < 0.05) 
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Table 6.4: Effect of gut health management programs on tibia attributes of broiler chickens at d 28 reared under commercial 

settings  (study 1) 

 

Item  
Program1 

SEM P-value 
CON RWMIA RWA 

Tibia length, mm 89.90a 88.35ab 86.05b 0.65 0.016 

Tibia diameter, mm 7.50 6.98 7.02 0.23 0.272 

Fresh Tibia, g/100g BW 1.62 1.61 1.63 0.03 0.858 

Tibia ash, g 1.84 1.68 1.62 0.09 0.301 

Tibia ash, g/kg BW 1.16 1.16 1.18 0.02 0.903 

Ash, %  40.05 40.14 39.76 0.24 0.524 
1Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA; 

RWA, raised without antibiotics 
a, b Means within a row with no common superscripts differ significantly (P < 0.05) 
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Table 6.5: Effect of gut health management programs and sex on tibia attributes of broilers chickens at d 28 and d 41 reared 

under research settings (study 2) 

Item Program1 
SEM 

Sex 
SEM 

P-value 

d 28 CON RWMIA RWA Male Female Program Sex Program*Sex 

  Tibia length, mm 87.50ab 86.57b 88.30a 0.64 88.74a 86.17b 0.46 0.035 <0.0001 0.001 

  Tibia diameter, mm 6.61 6.70 6.73 0.10 6.76 6.60 0.08 0.571 0.092 0.062 

  Fresh Tibia, g/100g BW 1.61 1.60 1.63 0.03 1.70a 1.53b 0.02 0.496 <0.0001 0.108 

  Tibia ash, g 1.54 1.50 1.55 0.05 1.66a 1.40b 0.03 0.422 <0.0001 0.167 

  Tibia ash, g/kg BW 1.16 1.17 1.15 0.02 1.19a 1.13b 0.01 0.809 0.001 0.852 

  Ash, %  39.38 38.89 38.70 0.38 38.66b 39.32a 0.22 0.127 0.022 0.260 

d 41           

  Tibia length, mm 106.79 107.62 107.64 0.72 108.65a 106.06b 0.53 0.672 0.007 0.790 

  Tibia diameter, mm 8.78 8.71 9.05 0.18 9.40a 8.29b 0.09 0.088 <0.0001 0.900 

  Fresh Tibia, g/100g BW 1.57 1.53 1.57 0.03 1.65a 1.46b 0.01 0.090 <0.0001 0.529 

  Tibia ash, g 3.02 3.12 3.06 0.11 3.42a 2.72b 0.05 0.579 <0.0001 0.404 

  Tibia ash, g/kg BW 1.23 1.23 1.21 0.02 1.28a 1.17b 0.01 0.646 <0.0001 0.126 

  Ash, %  39.49b 40.62a 39.96ab 0.30 39.62b 40.43a 0.24 0.016 0.011 0.611 
1Gut health management program: CON, some medically important antibiotics (MIA) allowed; RWMIA, raised without MIA; RWA, 

raised without antibiotics 
a, b Means within a row with no common superscripts differ significantly (P < 0.05) 
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CHAPTER 7 

CORRELATIONS BETWEEN GROWTH PERFORMANCE AND PHYSIOLOGICAL 

VARIABLES OF BROILER CHICKENS REARED ON CONVENTIONAL AND 

ALTERNATIVE GUT HEALTH MANAGEMENT PROGRAMS 

 

7.1 ABSTRACT 

 Correlations among variables were evaluated to determine whether performance 

parameters, organ weight, jejunal histomorphology, cecal short chain fatty acids (SCFA), and 

bone attributes were correlated in broiler chickens reared under commercial and research settings 

while subjected to similar gut health management programs.  Broiler chickens were reared on 

one of the three gut health management programs: 1) conventional (CON), where some 

medically important antibiotics (MIA) are allowed, 2) raised without MIA (RWMIA), and 3) 

raised without antibiotics (RWA).  Correlations among variables were evaluated using Pearson 

correlation test.  Liver and small intestine weights were positively correlated to d 28 body weight 

(BW), body weight gain (BWG) and feed intake (FI) ( r ≥ 0.512; P < 0.05), but not to feed 

conversion ratio (FCR) (P > 0.05).  Tibia weight, length, and ash content were positively 

correlated to d 28 BW, FI, and BWG (r ≥ 0.497; P < 0.001), but not to FCR (P > 0.05).  Under 

research settings, villus height (VH) and crypt depth (CD) were negatively correlated to cecal 

acetic acid, butyric acid and total SCFA (r ≤ -0.501; P < 0.05) in birds reared on the RWMIA 

and RWA program.  The FCR showed a strong negative correlation to villus height to crypt 

depth ratio (VH:CD) in birds on the CON program (r = -0.748; P < 0.001), but similar 

correlations were not observed among the other programs.  Results suggested that heavier liver 

and small intestine, and heavier and longer tibia are associated with heavier birds, but do not 

necessarily impact feed efficiency.  Cecal concentrations of acetic acid, butyric acid, and total 
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SCFA appear to be influencing jejunal histomorphology which is related to improvements in 

feed efficiency.  

7.2 INTRODUCTION 

 Gut health management programs have been developed to support broiler chicken 

production using various degrees of prophylactic antibiotics.  Feeding strategies employed in the 

absence of antibiotics have been associated with improved feed efficiency, whereby the co-

administration of alternative ingredients in diets to facilitate the successful replacement of AGP 

influences the cecal bacterial population and correlates to differences in feed efficiency 

(Askelson et al. 2018).  The presence of specific bacterial groups has been shown to affect BW, 

FI, and feed efficiency in broiler chickens (Han et al. 2016; Das et al. 2020; Zhang et al. 2021).  

While various strategies have been employed to facilitate efficient production of chicken protein 

with less reliance on antimicrobials, there are still variable consequences on the incidences of 

disease and production efficiency.  There is a lack of understanding of how gut health 

management programs perform under commercial conditions (Bean-Hodgins and Kiarie 2021). 

With antibiotic-free production programs having variable consequences in commercial poultry 

farms, previous work investigated how the shift away from the traditional medication control 

strategies and the use of alternative feeding programs influenced performance, gut 

histomorphology, and skeletal health.  Previous studies have investigated correlations among gut 

health parameters and performance (Wang et al. 2015; Rochell et al. 2016; Reis et al. 2017; 

Askelson et al. 2018; Das et al. 2020).  The preceding chapters have shown how gut health 

management programs impact physiological variables in broiler chickens reared under different 

settings.  Consequently, it was hypothesized that correlation analysis could identify important 

variables on which other variables depend.  If two variables were shown to have a strong 



 
 
 

132 

 

correlation, it could be possible to hypothesize how one variable could influence another (Reis et 

al. 2017).  Therefore, the objective of this study was to correlate absolute organ weight, jejunal 

histomorphology, and skeletal health to specific performance variables.    

7.3 MATERIALS & METHODS 

7.3.1 Birds and Housing 

The details of the birds and housing conditions used in the current study were outlined in 

Chapter 4.  

7.3.2 Diets and medication programs 

Birds were reared under one of three commercial gut health management programs: 1) 

conventional (CON), where some medically important antibiotics (MIA) are allowed, 2) raised 

without MIA (RWMIA), and 3) raised without antibiotics (RWA).  Details of the diet 

formulation, texture and medication rotation were detailed in Chapter 4.   

7.3.3 Experimental sampling 

 The sampling procedures pertaining to performance parameters were outlined in Chapter 

4.  Sampling procedures of organ weights, jejunal tissue and ceca content are outlined in Chapter 

5, while the procedures associated with sampling for bone attributes is outlined in Chapter 6.  For 

commercial settings (study 1), data was recorded on an individual bird basis.  Under research 

settings (study 2), performance data was recorded on a per pen basis, while organ weights and 

bone attributes were recorded on an individual bird basis.  Cecal digesta was pooled from the 

two birds sampled.  
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7.3.4 Calculations and statistical analyses 

Correlations between absolute organ weight (spleen, liver, gizzard, crop, proventriculus, 

small intestine, bursa of Fabricius, and pancreas), jejunal histomorphology (VH, CD, and 

VH:CD), cecal SCFA, bone attributes (tibia weight, length, diameter, and ash content), and 

performance variables were evaluated using Pearson correlation test using JMP statistical 

software (JMP®, Version 16, SAS Institute Inc., Cary, NY).  Statistical significance was declared 

at P < 0.05.    

7.4 RESULTS 

Data from research settings (study 2) were analyzed and the coefficient of correlation 

analyses between weights of liver, spleen, bursa of Fabricius, pancreas, empty small intestine, 

empty gizzard, empty proventriculus, empty crop, and jejunal villus height, jejunal crypt depth, 

and performance parameters (BWG, FI, FCR) of broiler chickens are reported in Table 7.1.  A 

positive correlation was observed between absolute intestine weight and BWG (r ≥ 0.512; P 

<0.05) for all gut health management programs.  A positive correlation was observed between 

small intestine length and FI in birds reared on RWMIA and RWA programs (r ≥ 0.507; P 

<0.05).  A positive correlation was observed among CON and RWMIA for liver weight and FI (r 

≥ 0.613; P <0.05) and liver weight and BWG (r  ≥ 0.646; P <0.05).  No consistent correlations 

were observed between organ weights, VH, or CD and cumulative FCR.  However,  FCR was 

negatively correlated to VH:CD ratio (r  = -0.748; P <0.001) in birds reared on the CON 

program.    

Correlations between jejunal histomorphology and cecal SCFA are reported for birds 

reared in research settings (Table 7.2) and commercial settings (Table 7.3).  Under research 

settings, there was a negative correlation between VH and total butyric acid (r = -0.563; P 
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<0.05), and total SCFA (r = -0.512; P <0.05) in birds reared on the RWMIA program.  A 

negative correlation was observed between CD and acetic acid (r = -0.660; P <0.05), total 

butyric acid (r = -0.666; P <0.05), and total SCFA (r = -0.645; P <0.05) in birds reared on the 

RWA program.  No significant correlations were observed between jejunal histomorphology and 

cecal SCFA under commercial conditions.  

 Table 7.4 reports the correlations among organ weights and jejunal histomorphology and 

d 28 BW for birds reared under commercial (study 1) and research conditions (study 2).  In birds 

reared under commercial conditions and across all gut health management programs, consistent 

positive correlations were observed between d 28 BW and intestine length (r ≥ 0.370; P <0.001), 

and absolute weight of intestine (r ≥ 0.675; P <0.001), liver (r ≥0.603; P <0.001), bursa (r ≥ 

0.361; P <0.001), spleen (r ≥ 0.311; P <0.001), gizzard (r ≥ 0.413; P <0.001), proventriculus (r ≥ 

0.361; P <0.001), and crop (r ≥ 0.425; P <0.001).  Under research settings the same positive 

correlations were observed among all treatments between d 28 BW and intestine length (r ≥ 

0.455; P <0.001), and absolute weight of intestine (r ≥ 0.479; P <0.001), liver (r ≥ 0.605; P 

<0.001), and proventriculus (r ≥ 0.361; P <0.001).  No consistent correlations were reported 

among jejunal histomorphology and d 28 live weight among any of the gut health management 

programs for birds reared under commercial or research settings.  

Across all gut health management programs and rearing conditions, consistent 

correlations were observed between d 28 BW and bone attributes (Table 7.5).  Day 28 BW was 

positively correlated to fresh tibia weight (r ≥ 0.779; P <0.001), tibia length (r ≥ 0.497; P 

<0.001), and tibia ash (r ≥ 0.564; P <0.001).  No correlations were observed among programs 

and rearing conditions for d 28 BW and tibia ash content.   
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Table 7.6 reports the correlations between bone attributes at d 41 and performance 

parameters of birds reared under research settings (study 2).  Strong positive correlations were 

observed across all programs between FI and tibia weight (r ≥ 0.877; P <0.001), diameter (r  

≥0.748; P <0.001), and ash content (r ≥ 0.771; P <0.001).  Positive correlations were also 

observed across all programs between BWG and tibia weight (r ≥ 0.846; P <0.001), diameter (r ≥ 

0.753 P <0.001), and tibia ash (r ≥ 0.745; P <0.001).  For birds reared on the CON and RWMIA 

programs, correlations were observed between tibia ash content (g/g bone), FI  (r ≥ 0.598; P 

<0.05), and BWG (r ≥ 0.572 P <0.05).  No correlations were observed between bone attributes 

and FCR among any of the gut health management programs.  

7.5 DISCUSSION 

Among all treatments and rearing conditions, there was a positive correlation between 

absolute liver weight, intestine weight, length, and d 28 BW.  Strong positive correlations were 

observed among some programs between liver weight, intestine weight, and length and BWG 

and FI (study 2).  The positive correlation between liver weight and FI that was observed in CON 

and RWMIA birds (r ≥ 0.613; P <0.05) was expected as previous work hypothesized that 

increased liver weight is associated with increased fat utilization (Al-Marzooqi and Leeson 

2000).  It would be expected that birds with higher FI would consume more fat, and the liver 

would have higher metabolic activity, contributing to its larger size.   

A distinct pattern was observed for intestine weight and length correlated to d 28 BW 

among all programs.  This positive correlation suggests a strong relationship between body 

weight and intestine weight and length.  This makes sense as heavier birds should have heavier 

organs.  The strong positive correlation that was observed between BWG and intestine weight 

implies that as intestine weight increases, BWG increases.  However, the same correlation was 
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not observed among programs between intestinal length and BWG.  Therefore, a longer intestine 

was not correlated to BWG.  As per the data reported in Chapter 5, no difference in d 28 BW, 

intestine weight and intestine length was observed among programs for birds reared under 

commercial settings (Table 5.1).  Under research settings no difference in d 28 BW was observed 

while differences in intestine weight and length among programs were reported (Table 5.2).  The 

data reported in Chapter 4 (Table 4.6) shows no differences among programs for BWG.   

Consequently,  differences in small intestine weight and length do not necessarily lead to 

improvements in BWG.  Previous research has stated that a reduction in visceral organ weight is 

generally associated with reduced maintenance energy cost which then spares energy for growth 

(Wang et al. 2016; Mohammadigheisar et al. 2020).  It is expected that birds with larger organs 

should have higher maintenance energy cost, which could lead to compromised overall FCR.  

However, the analysis done in this study between absolute organ weights and overall FCR, 

showed no significant correlations.  Consequently, larger absolute organ weights and longer 

intestinal length may have a higher maintenance energy cost, but this does not appear to be 

associated with poor FCR.  This is in agreement with the data reported in Chapter 4, where no 

significant differences were reported among programs for FCR in birds reared under both 

commercial (Table 4.5) and research settings (Table 4.6). 

A strong negative correlation was observed between VH:CD and overall FCR in birds 

reared under research conditions on the CON program, whereby a larger VH:CD ratio was 

correlated to a lower FCR.  The same correlation was not observed among birds reared on the 

RWMIA or RWA programs.  It is possible that the antibiotic treatment used in the CON program 

altered the diversity of the microbiota population preventing inflammation and histological 

changes leading to differences in VH:CD (Miles et al. 2006; Baurhoo et al. 2009; Das et al. 
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2020).  In Chapter 5 (Table 5.4), deeper crypts were observed which led to a lower 

corresponding VH:CD ratio in RWA birds compared to CON and RWMIA.  The CON birds 

exhibited the largest VH:CD ratio.  While these differences did not lead to differences in d 28 

BW, it is possible that the larger VH:CD ratio led to more efficient absorption of nutrients 

compared to the other programs, which is supported by the strong negative correlation observed 

for CON birds and their FCR.  Improvements in growth performance have been linked to longer 

villus height and a larger VH:CD ratio (Lei et al. 2013; Jayaraman et al. 2017).  Consequently, 

the observed correlation between VH:CD and FCR was expected.  

 Bacterial metabolites such as SCFA are influential in supporting epithelial development 

because they are an energy source for enterocyte proliferation (Lan et al. 2005; Niba et al. 2009).  

As reported in Chapter 5, the CON program (study 2) showed 35% and 29% higher total ceca 

digesta concentration of SCFA at d 28 compared to RWMIA and RWA, respectively.  Cecal 

SCFA are an indirect indicator of bacterial activity.  It was hypothesized that the differences 

observed in the concentration of cecal SCFA were associated with differences in bacterial 

populations residing in the hind gut.  In this study, negative correlations were observed between 

VH and CD for some cecal SCFA in birds reared on the RWMIA program and the RWA 

program.  As reported in Chapter 5, reduced concentrations of propionic acid and acetic acid 

were observed in the RWA group.  Reduced concentrations of these SCFA are associated with 

reduced populations of beneficial bacteria.  Therefore, it is possible that birds reared on the 

RWA program had less desirable bacterial communities, which altered the production of 

bacterial metabolites and influenced the jejunal histomorphology.  The negative correlation of 

CD to acetic acid, butyric acid, and total SCFA that was observed for the RWA program 

suggests that CD decreases as the concentration of these SCFA increases.  Shallow crypt depth is 
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indicative of good gut health while deep crypts are indicative of increased villus turnover rate 

(Xu et al. 2003).  With a greater concentration of SCFA as an indicator of bacterial activity, 

which are known to influence jejunal histomorphology, it is expected that shallow crypt depth 

would be observed.  Consequently, the negative correlation between SCFA and CD is in 

agreement with the concept that SCFA are influential in supporting epithelial development.  The 

negative correlation observed among VH and butyric acid, and total SCFA among birds reared 

on the RWMIA program was not expected.  A positive correlation between VH and cecal SCFA 

would have been plausible.  More research is required to investigate these findings.  

 Positive correlations were observed among all programs and settings between d 28 BW 

and tibia weight, and length, and tibia ash.  This was expected as heavier male birds are known 

to have heavier and longer tibia and greater tibia ash weight compared to lighter female birds 

(Bond et al. 1991).  The positive correlation observed among tibia attributes and FI was also 

expected.  Previous research has stated that healthy and active birds with a greater FI show 

heavier tibia weights and ash content due to sufficient intake of dietary minerals compared to 

those with inadequate FI and insufficient nutrient supply (Erdal et al. 2012; Zanu et al. 2020).  

As reported in Chapter 4, birds reared on all three gut health management programs had similar 

FI and growth rate patterns which would explain the similar correlations that were observed 

among bone attributes and FI, BWG, and FCR across all gut health management programs.   

 As per the data reported in Chapter 4 (Table 4.6), birds across all programs showed 

statistically similar FI.  It can be expected that healthy, active birds with good FI consumed 

adequate nutrients to support metabolism and growth.  Without a disruption in FI, there is no 

deprivation of nutrients.  Consequently, the variables measured in these studies were similar 

across programs.  While several studies have reported on correlations between bacterial species 
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and performance parameters of broiler chickens, this study is one of few to investigate 

correlations between physiological and performance variables.  While the data shows 

relationships between some variables, the relationships among variables and FCR were 

unremarkable.  This suggests that feed efficiency is not related to organ size, intestine length, 

cecal SCFA concentration, or bone attributes.  When evaluating bird health and performance in 

the field, intestine weight, liver weight, and tibia weight and length can be considered forecasters 

of bird body weight and feed intake.  Further analysis is warranted to explore more complex 

relationships among variables.  
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Table 7.1: Coefficient of correlation analyses between empty organ weights, jejunal 

histomorphology, and performance of broiler chickens reared on gut health management 

programs in a research setting (study 2)1 

Item  FI (kg) (d 0-42) BWG (kg) (d 0-42) FCR (d 0-42) 

CON2    

Liver weight (g) 0.613* 0.646* -0.013 

Spleen weight (g) 0.245 0.251 0.006 

Gizzard weight (g) 0.565* 0.574* 0.040 

Proventriculus weight(g) 0.458 0.584* -0.394 

Bursa weight (g) 0.221 0.243 -0.073 

Pancreas weight (g) 0.418 0.467 -0.085 

Crop weight (g) -0.082 0.012 -0.396 

Intestine weight (g) 0.467 0.549* -0.290 

Intestine length (cm) 0.368 0.343 0.122 

Villus Height (VH) (µm) 0.454 0.563* -0.396 

Crypt Depth (CD) (µm) 0.372 0.336 0.205 

VH:CD Ratio 0.177 0.363 -0.748** 

RWMIA3    

Liver weight (g) 0.741* 0.692* -0.032 

Spleen weight (g) 0.151 0.139 -0.034 

Gizzard weight (g) 0.276 0.287 -0.087 

Proventriculus weight(g) 0.526* 0.505* -0.043 

Bursa weight (g) 0.572* 0.547* -0.024 

Pancreas weight (g) 0.094 0.088 -0.053 

Crop weight (g) -0.160 -0.171 0.107 

Intestine weight (g) 0.570* 0.512* 0.050 

Intestine length (cm) 0.756** 0.775* -0.275 

Villus Height (VH) (µm) 0.219 0.289 -0.328 

Crypt Depth (CD) (µm) -0.243 -0.217 -0.027 

VH:CD Ratio 0.350 0.410 -0.324 

RWA4     

Liver weight (g) 0.234 0.184 0.268 

Spleen weight (g) 0.402 0.377 0.219 

Gizzard weight (g) -0.018 -0.086 0.422 

Proventriculus weight(g) 0.236 0.225 0.106 

Bursa weight (g) 0.362 0.380 -0.046 

Pancreas weight (g) 0.332 0.293 0.268 

Crop weight (g) 0.695* 0.664* 0.191 

Intestine weight (g) 0.712* 0.663* 0.348 

Intestine length (cm) 0.507* 0.448 0.393 

Villus Height (VH) (µm) 0.446 0.460 -0.112 

Crypt Depth (CD) (µm) -0.442 -0.477 0.178 

VH:CD Ratio 0.741* 0.788** -0.236 
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1 *indicates P <0.05 and ** indicates P <0.001 
2CON, some medically important antibiotics (MIA) allowed, 3 RWMIA, raised without MIA, 
4RWA, raised without antibiotics  
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Table 7.2: Coefficient of correlation analyses between jejunal histomorphology and cecal SCFA of broiler chickens reared on 

gut health management programs at d 28 in research settings (study 2)1 

Item  
Lactic 

(µmol/g) 

Acetic 

(µmol/g) 

Propionic 

(µmol/g) 

IsoButyric 

(µmol/g) 

n-Butyric 

(µmol/g) 

Total 

Butyric2 

(µmol/g) 

Total SCFA 

(µmol/g) 

CON3        

Villus Height (VH) (µm) 0.244 0.148 0.088 0.032 0.095 0.094 0.168 

Crypt Depth (CD) (µm) 0.489 0.434 -0.139 0.232 0.375 0.402 0.441 

VH:CD -0.004 -0.191 0.281 -0.008 -0.234 -0.212 -0.148 

RWMIA4        

Villus Height (VH) (µm) -0.213 -0.398 0.167 -0.467 -0.501* -0.563* -0.512* 

Crypt Depth (CD) (µm) -0.221 -0.241 0.108 -0.339 -0.447 -0.483 -0.370 

VH:CD Ratio -0.050 -0.328 0.095 -0.331 -0.322 -0.369 -0.373 

RWA5        

Villus Height (VH) (µm) 0.319 -0.306 -0.067 0.193 -0.247 -0.187 -0.191 

Crypt Depth (CD) (µm) 0.089 -0.660* 0.324 -0.073 -0.679* -0.666* -0.645* 

VH:CD Ratio 0.002 0.409 -0.303 0.085 0.401 0.404 0.411 
1 *indicates P <0.05 and ** indicates P <0.001 
2Total butyric is the summation of iso-butyric and n-butyric 
3CON, some medically important antibiotics (MIA) allowed, 4 RWMIA, raised without MIA, 5RWA, raised without antibiotics 
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Table 7.3: Coefficient of correlation analyses between jejunal histomorphology and cecal SCFA of broiler chickens reared on 

gut health management programs at d 28 in commercial settings (study 1)1 

Item  
Lactic 

(µmol/g) 

Acetic 

(µmol/g) 

Propionic 

(µmol/g) 

IsoButyric 

(µmol/g) 

n-Butyric 

(µmol/g) 

Total 

Butyric2 

(µmol/g) 

Total SCFA 

(µmol/g) 

CON3        

Villus Height (VH) (µm) -0.227 0.036 -0.117 -0.025 0.122 0.083 -0.022 

Crypt Depth (CD) (µm) -0.173 0.022 -0.024 -0.218 -0.228 -0.197 -0.123 

VH:CD -0.031 -0.004 -0.059 0.154 0.276 0.189 0.058 

RWMIA4        

Villus Height (VH) (µm) -0.226 0.051 -0.019 0.066 0.109 -0.049 -0.062 

Crypt Depth (CD) (µm) -0.166 -0.022 -0.193 -0.084 0.095 -0.100 -0.120 

VH:CD Ratio 0.013 0.056 0.143 -0.112 -0.053 0.016 0.060 

RWA5        

Villus Height (VH) (µm) -0.102 -0.067 0.021 0.027 -0.057 -0.032 -0.084 

Crypt Depth (CD) (µm) 0.044 -0.196 0.075 0.055 -0.117 0.003 -0.124 

VH:CD Ratio -0.095 0.164 -0.054 -0.085 0.071 -0.051 0.072 
1 *indicates P <0.05 and ** indicates P <0.001 
2Total butyric is the summation of iso-butyric and n-butyric 
3CON, some medically important antibiotics (MIA) allowed, 4 RWMIA, raised without MIA, 5RWA, raised without antibiotics 
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Table 7.4: Coefficient of correlation analysis between live weight, organ weight, and jejunal 

histomorphology of broiler chickens reared under commercial (study 1) and research settings 

(study 2)1 

Item 
Body weight (d 28)  

Research conditions 

Body weight (d 28) 

Commercial conditions 

CON2   

Intestine length (cm) 0.509** 0.490** 

Intestine weight (g) 0.578** 0.757** 

Liver weight (g) 0.852** 0.715** 

Bursa weight (g) 0.435* 0.361** 

Spleen (g) 0.515** 0.311** 

Gizzard (g) 0.230 0.494** 

Proventriculus (g) 0.361* 0.361** 

Crop (g) 0.282 0.425** 

Villus Height (VH) (µm) 0.351* 0.074 

Crypt Depth (CD) (µm) 0.394* 0.030 

VH:CD Ratio 0.073 -0.023 

RWMIA3   

Intestine length (cm) 0.455** 0.370** 

Intestine weight (g) 0.479** 0.707** 

Liver weight (g) 0.820** 0.603** 

Bursa weight (g) 0.253 0.527** 

Spleen (g) 0.208 0.422** 

Gizzard (g) 0.490* 0.611** 

Proventriculus (g) 0.443* 0.665** 

Crop (g) 0.037 0.468** 

Villus Height (VH) (µm) 0.337 0.240 

Crypt Depth (CD) (µm) 0.140 0.044 

VH:CD Ratio 0.272 0.167 

RWA4   

Intestine length (cm) 0.510** 0.550** 

Intestine weight (g) 0.645** 0.675** 

Liver weight (g) 0.605** 0.669** 

Bursa weight (g) 0.388* 0.441** 

Spleen (g) 0.507** 0.369** 

Gizzard (g) 0.202 0.413** 

Proventriculus (g) 0.544** 0.370** 

Crop (g) 0.514** 0.467** 

Villus Height (VH) (µm) 0.086 0.054 

Crypt Depth (CD) (µm) -0.494** 0.003 

VH:CD Ratio 0.543** 0.031 
1 *indicates P <0.05 and ** indicates P <0.001 
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2CON, some medically important antibiotics (MIA) allowed, 3 RWMIA, raised without MIA, 
4RWA, raised without antibiotics



 
 
 

146 

 

Table 7.5: Coefficient of correlation analysis between live weight and bone attributes of 

broiler chickens reared under commercial (study 1) and research conditions (study 2) 1 

Item 
Body weight (d 28) Research 

conditions 

Body weight (d 28) 

Commercial conditions 

CON2   

Fresh tibia weight, g 0.833** 0.900** 

Tibia length, mm 0.635** 0.497** 

Tibia diameter, mm -0.001 0.623** 

Tibia ash, g 0.852** 0.745** 

Tibia ash content, g/g bone 0.219 0.119 

RWMIA3   

Fresh tibia weight, g 0.864** 0.930** 

Tibia length, mm 0.689** 0.710** 

Tibia diameter, mm 0.439* 0.640** 

Tibia ash, g 0.564** 0.816** 

Tibia ash content, g/g bone -0.150 0.053 

RWA4   

Fresh tibia weight, g 0.779** 0.872** 

Tibia length, mm 0.633** 0.596** 

Tibia diameter, mm 0.301 0.658** 

Tibia ash, g 0.828** 0.857** 

Tibia ash content, g/g bone 0.075 0.234 
1 *indicates P <0.05 and ** indicates P <0.001 
2CON, some medically important antibiotics (MIA) allowed, 3 RWMIA, raised without MIA, 
4RWA, raised without antibiotics
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Table 7.6: Coefficient of correlation analysis between tibia attributes at d 41 and 

performance of broiler chickens reared under research settings (study 2) on gut health 

management programs1 

Item  
FI (kg) 

(d 0-42) 

BWG (kg) 

(d 0-42) 

FCR  

(d 0-42) 

CON2    

Fresh tibia weight, g 0.891** 0.864** 0.205 

Tibia length, mm 0.443 0.382 0.262 

Tibia diameter, mm 0.748** 0.753** 0.070 

Tibia ash, g 0.846** 0.806** 0.258 

Tibia ash content, g/g bone 0.598* 0.572* 0.194 

RWMIA3    

Fresh tibia weight, g 0.911** 0.897** -0.156 

Tibia length, mm 0.750** 0.772** -0.234 

Tibia diameter, mm 0.821** 0.824** -0.197 

Tibia ash, g 0.867** 0.873** -0.217 

Tibia ash content, g/g bone 0.782** 0.839** -0.392 

RWA4     

Fresh tibia weight, g 0.877** 0.846** 0.229 

Tibia length, mm 0.513* 0.456 0.369 

Tibia diameter, mm 0.785** 0.768** 0.140 

Tibia ash, g 0.771** 0.745** 0.205 

Tibia ash content, g/g bone 0.491 0.495 0.020 
1 *indicates P <0.05 and ** indicates P <0.001 
2CON, some medically important antibiotics (MIA) allowed, 3RWMIA, raised without MIA, 
4RWA, raised without antibiotics 
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CHAPTER 8 

GENERAL DISCUSSION 

8.1 Summary of main findings 

The results reported in Chapter 4 indicated that gut health management programs applied 

to broiler chickens reared under both commercial and research conditions showed statistically 

similar growth performance, FCR, FI, and total mortalities.  This supports the hypothesis that 

commercial gut health management programs will result in equal performance as a result of the 

co-administration of strategies proven to support gut health in the absence of antibiotics. 

Significantly higher condemnations were observed in birds reared on the RWA and RWMIA 

programs compared to CON, validating concerns that raising birds without antibiotics could 

contribute to increased occurrence of condemnations at the processing plant.  The results also 

demonstrated differences in relative breast weight at d 28 with higher values being observed in 

birds reared on the CON and RWMIA under commercial settings.  At d 41, relative breast weight 

was higher in RWMIA compared to CON but did not differ from the other programs.  This 

suggests that birds reared with some level of antibiotics show increased breast meat yield.  

Interestingly, the results of Chapter 4 also show reductions in myopathies in birds reared on 

RWMIA compared to other programs and in females compared to males.  This suggests that sex 

and gut health management program are important factors relative to the development of breast 

meat myopathies.   

Chapter 5 investigated the gastrointestinal responses in birds reared on the different gut 

health management programs and reared under commercial and research settings.  Results from 

this chapter indicated that broiler chickens reared under the gut health management programs 

showed some differences in gastrointestinal responses including organ weight, jejunal 
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histomorphology, and cecal SCFA profile.  It is possible that the observed differences were 

associated with differences in the microbial species present in the ceca, but these studies did not 

conduct DNA isolation for microbiota analysis.  Future research would be required to quantify 

the microbial species present in birds reared on different gut health management programs. 

Chapter 5 provides evidence that while there are differences associated with gut health 

management programs, the gastrointestinal responses to these differences did not appear to 

impact gut efficiency, as indicated by the statistically similar body weights and performance data 

reported in Chapter 4.  This further supports the hypothesis that the gut health management 

programs support similar performance in the absence of antibiotics.  

Chapter 6 investigated the impact of gut health management programs on the plasma 

biochemical profiles and tibia attributes of broiler chickens reared in commercial and research 

settings.  Blood biochemical parameters and tibia attributes can be considered biomarkers of 

health status in growing broiler chickens.  Data from Chapter 6 showed some differences in 

blood plasma metabolites in birds reared on the gut health management programs.  However, the 

values were typically within normal levels as per published reference values.  The differences in 

some plasma enzymes, proteins, lipid, carbohydrate, and bile acid may suggest some minor 

differences in metabolism which could be linked to gut health management programs and their 

ability to support gut integrity and function in the absence of antibiotics. 

Chapter 7 explored correlations between variables measured throughout all chapters to 

determine if relationships existed among parameters in commercial and research settings 

subjected to the gut health management programs.  While the data did show some significant 

correlations among some variables, the relationships between variables and FCR were 

unremarkable.  This suggests that feed efficiency was not related to organ size, intestine length, 
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cecal SCFA, or bone attributes.  There were several positive correlations between FI and d 28 

BW and liver weight, small intestine weight, small intestine length, tibia weight, and tibia length.  

Therefore, when evaluating bird health in the field, the absolute organ weights, intestinal length, 

tibia weight and length may be used to forecast body weight and feed intake.  Healthy and active 

birds with good FI would consume ample nutrients to support metabolism and growth thereby 

leading to larger absolute organ weights, longer intestine, and larger tibias.  

8.2 Limitations of the research 

• The sex of the birds sampled from commercial settings (study 1) should have been 

identified because sex can influence some of the parameters that were measured in these 

studies.  

• The levels of trypsin inhibitor and phytate should have been measured in all feed samples 

to identify whether different gut health management programs contained different levels 

of antinutritional factors.  It is possible that the all-vegetable diets used for the RWA 

program had higher levels.  

• In retrospect, taking pancreas weight in commercial settings would have given further 

insights to the enlarged pancreas weights that were observed under research settings 

because an enlarged pancreas is indicative of exposure to antinutritional factors such as 

trypsin inhibitor.   

• In addition to intestinal length, it would have been beneficial to measure the intestinal 

segments and specifically highlight the length of the duodenum, jejunum, and ileum.  

Since the jejunum is the main site of nutrient absorption, identifying possible differences 

in the length of the intestinal segments could help explain differences that were observed 

in other parameters.  
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• Birds reared under research settings in study 2 did not experience an enteric challenge. It 

is possible that the research setting was too clean to truly evaluate the effect of the gut 

health management programs.  While it is difficult to simulate the challenges experienced 

by birds in farm settings in research settings it would have been helpful to challenge the 

birds and trigger some intestinal damage to further evaluate the impact of gut health 

management programs on overall performance. 

8.3 Industry implications 

• The co-administration of commodity ingredients and feed additives as part of gut health 

management programs will support bird performance in the absence of antibiotics.  

• The synergistic application of alternative ingredients in realistic diets are needed to 

facilitate the replacement of antibiotics.  

• Condemnations are higher in birds reared on alternative gut health management programs 

which represents a financial loss to the industry.  

• The incidence of severe breast myopathies appears to be influenced by gut health 

management program.  Further research is required.  

• Gut health management programs focused on maximizing digestibility, managing 

microbial diversity, and supporting immunity must continue to be evaluated in addition to  

investigating single ingredients as replacements for antibiotics. 

8.4 Future research direction 

 Further mandates restricting the prophylactic use of antibiotics in commercial poultry 

nutrition are expected in the near future.  Consequently, the poultry industry must be prepared to 

accommodate additional restrictions.  The studies reported herein focused on corn-based diets as 
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the dominant grain in formulation.  Geographically this approach applies to Eastern Canada 

where corn is the primary commodity.  Future research should also focus on wheat-based diets 

simulating what would be used in other parts of Canada.  It can only be hypothesized how 

similar gut health management programs formulated with wheat as the dominant grain would 

perform under the same conditions in commercial settings.  Since antibiotic mandates are applied 

nationally, all possible commercial diets must be considered in addition to the complexity of 

dietary composition.  

   It is unclear whether the higher condemnations observed among broiler chickens reared 

on the alternative gut health management programs in this study were due to infection, disease, 

growth rate, or environmental conditions.  Evaluating and categorizing the condemnations in 

broiler chickens reared on alternative gut health management programs, may provide insight into 

why more condemnations are observed when birds are fed with less reliance on antibiotics.  

Future research that categorizes and quantifies the type of condemnations occurring in birds 

reared on alternative gut health management programs is warranted. 

 The implications of formulating “gut friendly” diets as part of a gut health management 

program must be investigated in terms of economics and sustainability.  The increased feed costs 

associated with these types of programs as a result of ingredient restriction, use of only high-

quality ingredients, and incorporation of gastrointestinal ecology modulators need to be 

evaluated in order to determine the true cost of producing chicken without the prophylactic use 

of antibiotics.  With reduced reliance on antibiotics some lesser quality by-product ingredients 

and animal derived proteins known to predispose the birds to gastrointestinal disturbances may 

be omitted from poultry feeds.  Consequently, these ingredients would no longer be included in 

animal feeding programs and may end up in landfill.  In terms of environmental sustainability, 
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this would be less than ideal.  Future research on gut health management programs utilizing 

animal proteins and/or other lower quality ingredients paired with a combination of additives 

proven to support the bird in the absence of antibiotics is warranted.  
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