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ABSTRACT 

DIETARY BERRY POMACES AND EXOGENOUS ENZYMES FOR HEALTH AND 

PRODUCTIVITY OF BROILER CHICKENS 

Munene Kithama  

University of Guelph, 2022

Advisors: 

Dr. Moussa Diarra & Dr. Elijah Kiarie

Fruit pomaces are rich in functional phytochemicals that could be beneficial in antibiotic free and 

organic poultry production. This work investigated nutritional and functional effects of pomaces 

in broiler chickens without or with feed enzymes (ENZ). The first study investigated the 

apparent metabolizable energy (AME) of apple (APL), grape (GRP), cranberry (CRP) and low-

bush wild blueberry (LBP) pomaces. Results revealed that the highest AME was observed with 

APL and that ENZ had no effect on AME. Plasma metabolites suggested that CRP and LBP had 

potential to lower plasma cholesterol concentration, and that ENZ influenced various functional 

pomace attributes. With LBP and CRP having better nutrient and functional attributes than APL 

and GRP, the second study determined the effects of CRP and LBP, with or without ENZ on 

growth performance, cecal microbiota and antimicrobial resistance profile of Escherichia coli. 

Data showed that birds fed bacitracin methylene disalicylate (BMD) and LBP had better feed 

conversion ratio (FCR) than birds fed CRP in starter phase. Feed enzyme significantly increased 

the abundance of Proteobacteria while Bacteroidetes abundance was increased due to both 

berries. Inclusion of berry pomace was found to modulate antimicrobial resistance profile of 

cecal E. coli. The third study was an Eimeria ssp. challenge trial that aimed to evaluate the 



efficacy of CRP and LBP in controlling coccidiosis. Data revealed that berry products compared 

well with salinomycin in mitigating Eimeria infections The results of this research show that 

berry products could meet the organic and antibiotic-free poultry sectors’ needs. 
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Chapter 1.  Introduction 

Evidence from archaeological works has shown that broiler domestication occurred some 

7000 to 10000 years ago from the Chinese red jungle fowl (gallus gallus) before spreading to 

other parts of South East Asia, and about 1000 BC in Europe (Griffin & Goddard, 1994) 

Although selection was previously done for egg laying birds, the advent of the industrialization 

and commercialization of agriculture especially in the United States, and the learning of vent 

sexing of chicks from the Japanese, paved the way for the development of the broiler industry 

(Griffin & Goddard, 1994). This was supported by the two breeds; the broad breasted White 

Rock and Cornish dual-purpose, that were rapidly growing birds.  

The main objective of the 1940s broiler farmer and onward to present day, was to 

increase the rate of growth and the meat yield, as broilers then took 16 weeks to reach a target 

weight of 2.5kg. By the 1990s, the growth period had been reduced to 6 weeks, and this was 

accompanied with a reduction in feed costs, labor, housing, water, lighting and heating (Griffin 

& Goddard, 1994; Schmidt et al., 2009). The genetics of the different lines to be used for broiler 

production was a point of contention between the broiler breeders who desired faster 

reproductive rates of their females, and the broiler growers who desired faster growth rates, and 

so the genetic lines were selected to suit both producers. 

At the same period of the mid-1940s to early-1950s, researchers such as Moore et al. 

(1946) and E. L. L. Stokstad and Jukes (1950)  had started experiments on the use of antibiotics 

sulfasuxidine, streptothricin, and streptomycin as growth promoters in chicks, and aureomycin in 

swine and Turkeys respectively. Jukes and Stokstad, had also done some experiments earlier to 

examine the effect of Vitamin B12 on the growth performance of chicks. They found that an 

auxiliary “animal protein factor” active when Vitamin B12 was derived from Streptomyces 

aureofaciens, could be the one producing the growth promoting effects in chicks (E. L. R. 

Stokstad et al., 1949). The discovery of this animal protein factor compelled these researchers 

together with others such as Sieburth et al. (1954), Rosenberg et al. (1952) and March and Biely 

(1952)  in their microbiological studies, to hypothesize that antibiotics at sub therapeutic levels 

were contributing to growth promotion in animals through various mechanisms to be explained 

later in this thesis. 
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Fast forward to several decades of use of antibiotics as growth promoters, issues of 

selection for antibiotic resistant genes by bacteria have plagued the animal industry and public 

health apparatuses across the globe. Despite the hurdles that different countries, states or 

economic zones have faced with regard to legislation to ban the use of antibiotic growth 

promoters in the animal and feed industry, the reality of the occurrence of multi-drug resistant 

organisms continues to be a challenge (Aarestrup, 2003; Dibner & Richards, 2005). This has led 

researchers, farmers and industry players such as Canadian Integrated Program for Antimicrobial 

Resistance Surveillance, to phase out the use of Category I and II antibiotics in food animals, and 

to collaborate in finding alternatives to antibiotics that would still have similar, if not better, 

qualities to AGPs in terms of improvement of growth performance in livestock, immune-

modulation as well as, microbial population regulation (Dutil et al., 2010a; Huyghebaert et al., 

2011). Among the many alternatives that have so far been proposed we have investigated the use 

of exogenous feed enzymes and alternative feed ingredients such as fruit pomaces of apple, 

grape, cranberry and blueberry in broiler diets. 

In a bid to save costs on feed, most poultry diets are formulated using ingredients such as 

corn, wheat, rye and soybean meal, and these ingredients contain complex materials that may not 

necessarily be utilized by the bird due to a lack of endogenous enzymes. A variety of classes of 

exogenous enzymes (proteases, carbohydrases) have thus been used due to this lack of 

endogenous enzymes coupled with the nature of the diets to contain anti-nutritive factors such as 

protein inhibitors and non-starch polysaccharides (NSP) (Huyghebaert et al., 2011; Bedford & 

Cowieson, 2012). The enzymes include β-glucanase, mannanase, xylanase, amylase, α-

galactosidase, protease, lipase, phytases, et cetera (Sugiharto, 2016) and the magnitude of effect 

of these enzymes is dependent on the nutrient composition of the diets. The source of the 

enzymes is from highly optimized fermentation systems using either bacterial or fungal 

organisms such as Trichoderma reesei, Aspergillus niger, Escherichia coli, and Bacillus 

licheniformis (O. Adeola & Cowieson, 2011). 

Pomace has been described as the residues of fruit processing. It is composed of fleshy 

pericarp, peels, the intracellular juice, stems, seeds, parts of stems of the particular fruit being 

processed ((Ross et al., (2017); Waldbauer, McKinnon, & Kopp, 2017)). Apple (Akhlaghi et al., 

2014; Aghili et al., 2019), grape (Hosseini-Vashan et al., 2020; Gungor et al., 2021), cranberry 
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(Islam et al., 2020a) and blueberry (Islam et al., 2019a) fruit pomaces have been reportedly used 

in chicken production to different ends, but with low adoption rates commercially. The bio-

active phytochemicals of the fruit pomaces have been characterized and reveal the presence of a 

wide range of minerals, phenolics and antioxidants, with various research work demonstrating 

their potential as an anti-carcinogenic, antibacterial, as immune-modulators among other 

advantages (Ashok and Upadhyay, 2012; Chung et al., 1998).  

1.1.  Research Statement 

Presently, research is ongoing regarding the potential benefits of different fruit extracts, 

with a major focus on human nutrition and with limited information and research in animals. 

There remains a gap with respect to the potentials of apple, grape, blueberry and cranberry 

pomaces in poultry production in general, and broiler production in particular. The global shift of 

attitudes and practices towards food and feed safety, and alternatively produced crop and animal 

products, gives credence to this study. This research will be of benefit to the poultry industry, 

with prospects of future influencing organic producers of poultry, while also enriching research 

and academia. Additionally, it will impact Canada in particular, and the world in general through 

reduction in economic losses incurred in poultry production, reduction of the waste products that 

impact the environment, reduction of antimicrobial resistant bacteria, and antibiotic residues in 

animals, soil and water. The tandem effect will be an increase in the consumption of more safe 

food and opening up of new avenues for revenue generation from previously neglected pomace 

by products and waste (Demir, Sarica, Özcan, & Suiçmez, 2005; Diarra & Malouin, 2014).  

1.2.  Scope and limitation of the study 

Broiler production systems are evolving, and transitions have been made into raising 

chickens without antibiotics, raising chickens without medically important antibiotics and 

organic chicken production. In Canada, these alternate production systems have grown 

substantially in the past decade in response to consumer demand for non-conventionally 

produced products. Organic poultry production standards require free-range systems (outdoor 

access on pasture) to improve the overall health and welfare of birds. However, the outdoor 
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access could on the other hand increase exposure to environmental pathogenic bacteria of poultry 

health (Clostridium perfringens, avian pathogenic Escherichia coli: APEC) and food safety 

concerns (Campylobacter spp and Salmonella enterica serovars), for which control remains 

challenging (Andrew Hammermeister, 2014).  

This research investigates ways of producing safe food for consumers with feed 

ingredients that will offer the broiler producer economic advantages even when growth 

promoting antibiotics are removed/banned from animal feed. It commences with a digestibility 

study (360 broilers) to evaluate the apparent retention of nutrients of the four fruit pomaces and 

discrimination of the pomaces to use in a large animal trial (3,150 broilers) based on results of 

the digestibility studies. The second animal trial uses two pomaces (cranberry and blueberry) and 

multi-enzyme supplement to evaluate their impact on growth performance, general health, cecal 

microbiota and metabolomics, and fecal metabolomics. The third animal experimentation (960 

broilers) was conceptualized from the results of the second study and was done to evaluate the 

immune-modulatory effects of cranberry and blueberry pomaces, with feed enzymes, on 

chickens challenged with an overdose of Eimeria spp. vaccine.  

Nonetheless, the study is limited in its capacity to explain the biochemical interactions of 

bio-active polyphenolic compounds with enzymes in vivo, retention, accumulation, and 

excretion of phenolic compounds in the body, and the microbiota-polyphenol interactions. A 

study to address these would enrich the research further. 

1.3.  Outline of the thesis 

This thesis is organized into seven chapters that create a story line to answer the goals 

and objectives of the research. 

Chapter 1 introduces the thesis’ focus, research statements, scope, limitations and 

contributions to science. 

Chapter 2 lays the foundational background of the research through a comprehensive 

literature review covering feed/exogenous enzyme dynamics in broiler production, utilization of 

fruit pomaces in broiler chickens, and the impact of bio-actives from pomaces on microbiota and 

immunity. 
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Chapter 3 defines the objectives of the research and the underlying hypothesis that the 

objectives shall seek to test and answer. 

Chapter 4 describes the experiments to determine the digestibility of apple, blueberry, 

cranberry and grape pomaces, effect of feed enzymes in influencing the pomaces’ nutrient 

profile, apparent retention of nutrients and impact on health status through plasma metabolite 

profiles. 

Chapter 5 demonstrates the effect of diets supplemented with feed enzymes, cranberry 

and blueberry pomaces on the growth performance and plasma metabolite status of broilers when 

compared to broilers that are raised with bacitracin methylene salicylate as an antibiotic growth 

promoter. 

Chapter 6 presents findings of cecal microbial ecology and antimicrobial resistance 

profile of E. coli when broilers consume diets supplemented with cranberry and blueberry 

pomaces, without or with feed enzymes. 

Chapter 7 examines the effects of cranberry and blueberry pomaces, with enzymes, on 

growth performance, intestinal integrity and cecal microbiota of birds challenged with a Eimeria 

spp. 

Chapter 8 ties up the story line of the thesis by presenting the research conclusions and 

recommendations for future research work. 

1.4.  Contributors to this thesis 

The works presented here in have been a collaborative effort of industry, academia and 

government (Agriculture and Agri-Food Canada [AAFC]). Apple and grape pomaces were 

sourced from processors (Bennett's Apples & Cider, and Niagara College Teaching Winery/The 

Canadian Food and Wine Institute respectively, Niagara Falls, ON). Cranberry and blueberry 

pomace were contributed by Fruit D’Or (Villeroy, QC, Canada), and were processed and 

analyzed by Dr. Kelly Ross (AAFC). Drs. Xianhua Yin, Yousef Hassan and Attiq Rehman all 

from AAFC assisted with the animal trials and laboratory consultations and Drs. Carl Julien, 

Hassina Yacini, and Yan Martel Kennes from CRSAD (Deschambault, Quebec) facilitated the 

animal trial at their research station. The committee members, Drs. Lee-Anne Huber and Michael 



 

6 

 

Steele provided academic advisory support to the research and Drs. Elijah Kiarie and Moussa 

Diarra guided the research from an advisory and resource capacity. 

1.5.  Contributions from the thesis to research 

The thesis has been presented in a manuscript format where chapter 2 has been published 

and chapter 4 is under peer review. 

• Kithama M, Hassan YI, Guo K, Kiarie E. and Diarra MS (2021) The Enzymatic digestion of 

pomaces from some fruits for value-added feed applications in animal production. Front. 
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Chapter 2.  Literature Review1 

2.1. Introduction 

Plant-based feed additives are becoming popular in livestock and poultry production 

chains. Thus, the use of fruit-processing by-products such as pomaces, generated by the industry 

in millions of tons annually around the globe, could form an integral part of evolving, sustainable, 

and circular agricultural economies. The use of such pomaces could also be part of the efforts 

aiming at addressing many of the rising challenges facing modern human societies due to climate-

associated changes including the worrying loss of natural resources. Apart from the historically 

witnessed trend of promoting the use of such by-products in animal feeding (in order to reduce the 

environmental burdens resulting from large-scale waste accumulation), a growing interest in 

creating value-added products/applications is beginning to materialize. The principle here is to use 

such fiber/polyphenols-rich raw products in combination with enzymes (in targeted digestions and 

fermentations) in order to generate value-added end commodities. The two factors that control the 

outcomes of the above goal(s) are: (1) the chemical composition of the starting 

materials/substrate(s) and (2) the digestion and fermentation process with their varying parameters 

(including the enzymes being used, nature and source of pomaces and their endogenous 

microbiota, pH, presence or absence of oxygen, etc.). 

The use of enzymes is not a completely novel idea as intact microbial products (yeast and 

bacteria containing active wild-type enzymes) have been conventionally used by many industries 

in the past (and are still today) to enhance food and feed products. The same trend prevails today 

but with a slight advantageous skew towards using purified or recombinant enzymatic preparations 

due to numerous empirical considerations that will be discussed in the following sections. 

In recent years, there has been increased research efforts aiming to incorporate many 

abundantly-available fruit pomaces in animal feed (Quail Das, Islam, Lepp, Tang, Yin, Mats, Liu, 

Ross, Kennes, Yacini, et al., 2020). As it shall be seen in subsequent sections, these pomaces have 

been shown to possess many important bio-actives at varying concentration ranges and 

functionalities including antimicrobial activities against foodborne pathogens such as Salmonella 

enterica for example (Q. Das et al., 2019). More novel applications are being explored currently 
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through enzymatic or microbial interventions where the final products of interest are not limited 

to the active polyphenolic-rich fraction but also other nutritional and industrial factors. A very 

good example of these later interests is the most recent study that explored using red grape pomace 

as a fermentation medium in combination with Lactobacillus plantarum subsp. plantarum (ATCC 

#14917) and Bacillus subtilis subsp. subtilis (ATCC #6051) cultures to aid in chitin and chitosan 

extraction, both used as feed supplements (Hirano et al., 1990; Hossain & Blair, 2007; 

Nuengjamnong & Angkanaporn, 2018; Reddy et al., 2018) from shrimp wastes in a replacement 

of earlier traditional chemical extraction approaches (Tan et al., 2020). In the above model, red 

grape pomace replaced glucose (to support the bacterial growth) resulting in recovery levels of 

chitin and chitosan that were comparable (or surpass) other commercial chitin preparation 

protocols. 

In general, the emerging trend of enhancing pomace usage through enzymatic treatments 

indicates the possibility of developing many future opportunities that will be discussed in later 

sections of this review. Furthermore, and while the authors agree that other physical means to 

enhance pomaces and/or the recovery of bio-active compounds from fruit pomaces {such as the 

supercritical CO2 extraction of active ingredient/oils (Squillace et al., 2020) as well as freeze-

drying approaches coupled with double-emulsions (water-in-oil-in-water) loading of pomace 

extracts (Eisinaite et al., 2020)} do exist, enzymatic approaches seem to offer a green sustainable 

strategy. Hence, the current review will focus on such bioconversion procedures for value-added 

feed applications of pomaces in mainly poultry and swine. 

 

2.2. Enzyme use in animal feed 

The possibility to produce high-quality exogenous enzymes is among the top 

technologies that positively impacted the animal feed industry in the past four decades. The 

incorporation of commercial enzymatic preparations in animal feed is now widely acceptable by 

farmers as well as end-users alike. 

The biggest advantage of feed enzymes is their specificity. Enzymes are not like any other 

physical or chemical treatments (i.e., heating and acidification for example) that target feed 
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nutrients and compounds in a universal non-discriminatory fashion. Enzymes are very specific in 

their nature and only target certain chemical groups and bonds without affecting other components 

within the feed-matrix. This increases their efficiency from one side while decreasing any negative 

off-target effects (if any) when used with animal feed (Bhatia et al., 2020; Jatuwong et al., 2020). 

The second appealing factor of using enzymes in the feed industry is their high acceptance 

rates by average consumers. These catalytic molecules are perceived as part of refined green-

technologies and if the source organism was a GRAS (Generally Recognized As Safe), then the 

approval process by both regulatory agencies and end-consumers could be generally less 

complicated, in comparison to enzymes that are obtained by other approaches (such as synthetic 

biology approaches). The importance of having both consumer-acceptance and the regulatory 

agencies approval concomitantly cannot be overemphasized for any genuine applications 

(DeRuiter & Dwyer, 2002). 

 

1Part of this chapter has been published in a review article as “M. Kithama., Y. I. Hassan, K. Guo, E. Kiarie, and M.S. 

Diarra. 2021. The enzymatic digestion of pomaces from some fruits for value-added feed applications in animal 

production. Frontiers in Sustainable Food Systems 

 

Among the critical issues related to enzyme usages are the technical difficulties. In fact, 

the preparation of enzymes with an acceptable purity, stability and sufficient catalytic power are 

challenging. In the past, suppliers had to start with kilograms (or tons in some cases) of raw 

materials before delivering milligrams of ready-to-use enzymes. Thus, the utilization of 

enzymatic-preparations was very expensive and extremely unpredictable with susceptibility to 

purification-dependent variations in performance from batch to batch. Indeed, the cost of such 

preparations was among the biggest concerns of farmers toward enzymes-usage as it added up to 

the total costs of feeding. When the difference between profitability and non-profitability melts 

down to few cents per ton of used feed, any extra cost(s) need to be carefully considered and 

planned ahead of time. With the introduction and refinement of exogenous-enzymes 

biotechnologies using optimized host microorganisms (bacteria, yeasts or fungi), the process is 

becoming increasingly manageable and robust. While the cost of discovering novel functional 

enzymes (the research and development phase more precisely) is still considerably high and 
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requires collaborative efforts of many specialized experts (Howard et al., 2003; Monciardini et al., 

2014), the actual costs involved in producing stable enzymatic-preparations (the large-scale 

production phase) are becoming very reasonable nowadays. Furthermore, the encapsulation and 

lyophilization of enzymes as well as solid-matrix immobilization techniques reached a pinnacle 

stage in performance aiding in achieving stable and potent enzymatic preparations continuously 

(Gifre et al., 2017; Ibrahim et al., 2019). 

Most commonly, and when purified enzymes are inaccessible or are very expensive to use, 

fermentation-protocols can be implemented to enhance pomace attributes for animal feed 

application. The fermentation process is examined here as a way of harnessing the power of 

endogenous fungal- or bacterial-enzymes to: (1) naturally degrade the fibrous contents of pomace 

to release its digestible nutrients and active polyphenol compounds, (2) convert or transform some 

bio-active compounds to their more active forms, and finally, (3) make use of the involved 

microbial inoculum (either bacterial, fungal, or yeast) metabolites in combination with the targeted 

polyphenolics to enhance animal feeding outcomes (performance). 

The presence of certain enzymatic co-factors such as reduced nicotinamide adenine 

dinucleotide (NADH) and nicotinamide adenine dinucleotide phosphate (NADPH) as well as, 

adenosine triphosphate (ATP) and pyrroloquinoline quinone (PQQ) within the intact microbial 

hosts (Cutlan et al., 2020) is another advantage for microbial fermentations over purified 

enzymatic preparations. The host-organism is capable in this case of replenishing such co-factors 

cheaply and compared to using purified enzymatic preparations where the cofactor(s) need to be 

constantly supplied, the in-host conversions are more cost-efficient. 

The recalcitrance of certain plant contents in pomaces to natural degradation makes them 

more appealing targets for microbial bioconversions than enzymatic treatments (Troncozo et al., 

2019). Raw pomaces (grape pomace for example, which results from juice and spirits industries) 

have significant negative environmental impacts due to their water-retention capacity and their 

high content of lignin which breakdown to generate hydroxylated and methoxylated monoaromatic 

compounds associated with strong phytotoxic activities (Troncozo et al., 2019). To reduce the 

environmental concerns connected to the above compounds, many treatments have been suggested 

in the past including drying or using them as an extraction source of beneficial compounds such 

as γ-linolenic acid and carotenoids (Dulf et al., 2019) among many other treatments. Thus, 
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subjecting pomaces to microbial fermentations appears to be the most feasible approach when it 

comes to processing the large amounts of pomaces generated annually. 

The ability of using enzymes with pomaces faces another hurdle that emerges from the 

unique ability of pomace bio-actives (including polyphenols and tannins (Hemingway & Laks, 

2012)) at certain concentrations to influence (or even inactivate) the functionality of used 

enzymatic preparations either through specific or non-specific interactions (Martinez-Gonzalez et 

al., 2017; Yildirim‐Elikoglu & Vural, 2019). Many reports showed the ability of certain 

polyphenolics to negatively influence the functions of natural or industrial enzymes in a similar 

fashion to their ability to negatively impact microbial growths (Gonçalves & Romano, 2017; 

Ramos-Pineda et al., 2019). For example, pectinases involved in the enhancement (aroma and 

color) or clarification of many beverages and juices are reported to be inhibited by apple flesh or 

pomace (Negoro, 1972). An insoluble complex compound of pectinase and inhibitors is formed to 

influence the enzyme’s activity. The further characterizations of such a inhibitory activity 

highlighted tannic acid and its derivatives as a possible cause of the above insoluble complex 

formation (Negoro, 1972). Similarly, the inhibitory effect of polyphenolic compounds from purple 

and red potato cultivars on activities of α-amylase, α-glucosidase, and aldose reductase are well 

established (Kalita et al., 2018). Anthocyanins were recently categorized as non-competitive 

inhibitors of such enzymes. In contrast, phenolic acids behaved as non-competitive inhibitors of 

aldose reductase and as mixed inhibitors of α-amylase and α-glucosidase, respectively (Kalita et 

al., 2018). 

Last but not the least, animal feeds preparation encompasses most often a pelleting step 

(heating, mechanical mixing and shearing, drying…) which together can adversely affect the 

involved enzymes and reduce their detectable activity. Such influential factors need to be 

considered carefully before incorporating any digestive enzymes that are not heat-resistant in the 

processing of animal feed (E. G. Kiarie & Mills, 2019). The same observation concerns the used 

enzyme’s ability to withstand and function under the low pH values of animal digestive systems. 

In such cases, an encapsulation step might be beneficial.  

The above-mentioned issues open the door for a variety of studies (Figure 2-1) that need 

to carefully consider the composition of used pomaces, their polyphenolic content, enzyme(s) 

being utilized, and finally, the precise usage condition(s) for each unique feeding application to 
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obtain optimum activities, while minimizing the chances of unintended inhibition(s). Some of the 

above issues can also be addressed though protein engineering (Kuddus, 2018; González-

Domínguez et al., 2019; A. Sharma et al., 2019). In fact, and referring to the pectinases example 

stated above, the industrial enhancement and optimization of such enzymes led to the selection of 

numerous pectinases with broad activity ranges that can function even at high polyphenol 

concentrations, diverse pH-values and/or processing temperatures with some being currently 

commercialized. The same approach is true in regards to engineering feed enzymes to render them 

more heat resistant or pH stable (Rigoldi et al., 2018). As shown on Figure 2-1, the Aspergillus 

fumigatus phytase (Xiang et al., 2004) was engineered through a single mutation of lysine to 

alanine at position 68 (K68A) leading to a noticeable decrease in its pH optima (with phytic acid 

as substrate) by 0.5 to 1.0 units with no change or even a slight increase in enzyme’s maximum 

specificity (Tomschy et al., 2002). 

 

Figure 2-1 Optimization studies that are critically needed when using enzymes and fruit pomaces as  

animal feed additives. Multiple overlapping factors (pomace composition, its polyphenolic content, enzyme 

mixes being implemented) affect the performance of pomace. 
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Figure 2-2 Amino acids sequence (442 residues) and the three-dimensional structure of Aspergillus 

Fumigatus phytase (accession #1QWO_A) identified an important lysine residue (dark blue) in comparison to 

all other available lysine (magenta) [panel A]. Mutation of this residue (lysine “K” 68 to alanine “A”) (panel 

B), leads to a noticeable decrease of pH optima by at least 0.5 to 1.0 units. 

2.2.1. Enzyme use and function in poultry production 

Enzymes in poultry diets have been used to increase nutrients and energy utilization and 

improve digestibility (E. Kiarie et al., 2014; E. Kiarie et al., 2015; C Gallardo et al., 2017; E. 

Kiarie et al., 2017; Sanchez et al., 2019). They influence the absorption of nutrients and produce 

nutrients for specific bacterial populations through their actions (E. Kiarie et al., 2013; E. G. Kiarie 

et al., 2019) (Bedford & Cowieson, 2012). The classes of enzymes commonly used in poultry 

include phytase, carbohydrases (xylanase, cellulase, α-galactosidase, β-mannanase, α-amylase, 

and pectinase), and proteases (E. Kiarie et al., 2013) (Table 2-1). It has been reported that enzymes 

such as xylanase, which is well accepted in poultry diets, especially those containing wheat, can 

reduce digesta viscosity, increase nutrient digestion and passage rate, and modify gut microbiota 

in broilers (Nian et al., 2011; E. Kiarie et al., 2014; Munyaka et al., 2016; E. Kiarie et al., 2017). 

Proteases release amino acids while improving gut development of broilers, increase their 

bodyweight and improve feed efficiency (Wang et al., 2016). These authors also reported that 
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broilers fed carbohydrases showed a decreased ileal C. perfringens of 15-day-old broilers, higher 

levels of plasma zeaxanthin at d 22 and higher levels of plasma lutein at d 15 and 22 (Wang et al., 

2016). Slominski (2011) suggested that the main action of enzymes, specifically carbohydrases, is 

breaking down of high molecular weight polysaccharides into monosaccharides, oligosaccharides 

and low molecular weight polysaccharides.  

Phytases (Bedford & Cowieson, 2012) and proteases (A. J. Cowieson & Roos, 2016) have 

been shown to have beneficial effects on the integrity of the gastro-intestinal system by improving 

the integrity of intestinal mucin and enterocyte tight junctions integrity as well as by reducing 

inflammatory activities in the gut, and undigested substrates that could in turn become substrates 

for pathogenic bacteria and thus improving the general and gut health of the bird. Microbial 

enzymes have similar beneficial effects of synthesis of short chain fatty acids for energy utilization, 

protein breakdown and immune support (Bedford & Cowieson, 2012; E. Kiarie et al., 2013). 

However, the challenge with microbes is in maintaining a balance between beneficial and 

pathogenic microflora populations. This balance could be achieved by the use of exogenous 

enzymes for in vivo uniform movement of substrate(s) from the foregut to the hindgut (E. Kiarie 

et al., 2013; A. Cowieson & Kluenter, 2019).  

The modalities in which exogenous enzymes have an effect in vivo on digestive health, 

immunological health, physiological health and microbiological health has been well described. 

In terms of digestive health, A. Cowieson and Kluenter (2019) indicated that it is not important to 

use exogenous enzymes in very young broiler chicks as a way to improve nutrient utilization 

because their intestine accounts for a bigger proportion of their body mass and their body mass is 

not too demanding physiologically-speaking from the intestine; but this changes after  day 14 when 

the birds are growing bigger and the intestine and pancreatic tissue diminish in proportion to the 

metabolic weight. When it comes to physiological health,  A. Cowieson and Kluenter (2019) 

highlighted the importance of the physical well-being of the intestine, with regard to the integrity 

of the enterocytes, villi length and brush border integrity, mucin production and also microbial 

stability.  A. Cowieson et al. (2004) demonstrated that phytase in the diet reduced the loss of sialic 

acid, a mucoprotein component, that is exacerbated by ingestion of feed rich in phytic acid, and 

thus phytase degraded the phytate and prevented this loss. Further research by Fernandez et al. 

(2000) showed that the addition of xylanase to wheat based diets of broilers also increased the 
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production of sulphates and mucins, reduced the numbers of Campylobacter jejuni in the ceca, and 

increased the digestibility of ingested nutrients along with reducing the loss of proteins by 

interfering with the endogenous protein flow.  

Exogenous enzymes in broiler diets can induce shift of the site of digestion from the 

posterior to more proximal sections of the gut (Bedford & Cowieson, 2012), resulting in what is 

termed as the “starvation of the hind gut microbes” from getting important substrates. With 

reduced substrates for beneficial microbes to metabolize, their proliferation and population 

reduces, and this puts the colon and large intestine at the risk of proliferation of pathogenic 

microflora. Addition of xylanase to wheat- and maize-based broiler diets leads to production of 

xylo-oligomers, which are more readily fermentable in the posterior gut (E. Kiarie et al., 2009; 

Singh et al., 2012; E. Kiarie et al., 2014; E. Kiarie et al., 2017). These xylo-oligomers are thought 

to influence the release of the hormone peptide YY, which is involved in bowel movement and 

increase the residence time of ingesta to be acted upon by microflora. Moreover and in addition to 

the above activities, enzymes such as lysozymes cleave the bond between N-acetylglucosamine 

and N-acetylmuramic acid of the peptidoglycan the bacterial cell wall, leading to bacterial death 

(A. Cowieson & Kluenter, 2019).  

With regard to the immunological considerations, enzymes alter the microbiome which in 

turn influences the host immunity, intestinal integrity and development (Bedford & Cowieson, 

2012). For example, xylanase was shown to have a substantial effect in mucin production, 

increasing the density of goblet cells, and phytase aided reduction of sialic acid loss. Non-starch 

polysaccharide (NSP) degrading enzymes (NSPases) have been shown to increase mucin 

production in poultry (Fernandez et al., 2000). Even products that elicit enzymatic activities, such 

as mannan-oligosaccharide derived from yeast cell walls, have been shown to directly influence 

the immune systems of production birds by activating mononuclear cells (such as macrophages). 

Dietary mannan-oligosaccharides were reported to increase the humoral response in poultry, 

following vaccination against Newcastle disease virus and Gumboro  (Oliveira et al., 2009) . 

Lastly, there continues to be an increase in the adoption of alternative plant-based feed 

ingredients and feed additives as part of the efforts to address many of the rising challenges facing 

modern human societies due to climate-associated changes including the worrying loss of natural 

resources. The use of these ingredients such as fruit-processing by-products called pomaces, 
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generated by the industry in millions of tons annually around the globe, could form an integral part 

of evolving, sustainable, and circular agricultural economies. The principle here is to use such 

fiber/polyphenols-rich raw products in combination with enzymes, in targeted digestions and 

fermentations for use in animal feed or food industries.
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Table 2-1. Examples of well-established natural and recombinant enzymes used in the feed industry 

Enzyme1 Activity/Target(s) Suggested 

concentration 

Host Target 

Animal 

Outcomes References 

 

Xylanase 50316 

(VR007) 

Hydrolyze the 

glycosidic linkages of 

xylans in feed 

2000 

mg/kg/day 

Pseudomonas fluorescens 

BD50316 

Swine, 

Broiler 

Increase nutrient digestibility  

(Van Dorn et 

al., 2018) 

Phytase 50104 

(VR003) 

Hydrolyze phytic acid 

to release phosphate 

2000 

mg/kg/day 

P. fluorescens Swine, 

Broiler 

Increase digestibility of 

phytate 

(Krygier et 

al., 2014) 

Xylanase Hydrolyze the 

glycosidic linkages of 

xylans in feed 

10 IU/g B. 

subtilis subsp.subtilis JJBS250 

Swine, 

Broiler 

Enhance liberation of 

reducing sugars 

 

(Alokika & 

Singh, 2018) 

Xylanase Release 

xylooligosaccharides 

from xylan 

1200 IU/kg Hericium caputmedusae Swine, 

Broiler 

Reduce pathogenic infection 

of broilers 

 

(S. Zhang et 

al., 2018) 

Ronozyme WX 

(xylanase) 

Degrade arabinoxylans 200 FXU/kg Aspergillus oryzae Swine Increase sow feed intake and 

nutrient digestibility 

(Zhou et al., 

2018) 

Endofeed W 

(xylanase) 

Reduce non-starch 

saccharides (NSPs) 

500 mg/kg Aspergillus niger Broiler Increased the efficiency of 

energy utilization for protein 

(Nourmoham

madi et al., 

2018) 

β-glucanase; β-

xylanase 

Degrade β-glucans 0.1 g/kg Trichoderma reesei Swine No effect on digestive health 

and animal performance 

(Clarke et al., 

2018) 

6-phytase Hydrolyze phytic acid 

to release phosphate 

4000 U/kg Aspergillus oryzae Broiler Improve P digestibility and 

retention of low P diets 

 

 

(Pekel et al., 

2016) 
endo‐1,4‐β‐

xylanase 

Degrade soluble and 

insoluble xylans 

800 U/kg Broiler No effect on growth 

performance; increased ileal 

digestible energy, Ca and P 

retention 

endo‐1,4‐β‐
xylanase 

Hydrolyze non-starch 

saccharides (NSPs) 

and influence 

intestinal microbial 

composition 

1875, - 5625 

XU/kg  

Trichoderma citrinoviride Broiler Decreased ileal digesta 

viscosity, improved apparent 

ileal digestibility of nutrients 

and microflora balance; 

reduced odor 

 

(W.-C. Liu & 

Kim, 2017) 
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2.3. Fruit pomaces in poultry production 

Pomace has been defined as the by-products of fruits after pressing for juice generated by 

processing industries. It includes the flesh, peels, stems (or parts of stems), and seeds (Ross et al., 

2017; Waldbauer et al., 2017). The chemical characterization reveals the presence of over 4000 

metabolites and bio-active compounds in many plants and their fruit pomaces. 

In recent years, there has been increased research efforts aiming to incorporate many 

abundantly-available fruit pomaces in animal feed (Quail Das, Islam, Lepp, Tang, Yin, Mats, Liu, 

Ross, Kennes, Yacini, et al., 2020). These pomaces have been shown to possess many important 

bio-actives at varying concentration ranges and functionalities including antimicrobial activities 

against foodborne pathogens such as Salmonella enterica (Q. Das et al., 2019). More novel 

applications are being explored currently through enzymatic or microbial interventions where the 

final products of interest are not limited to the active polyphenolic-rich fraction but also other 

nutritional and industrial processing factors. 

2.3.1. Cranberry and blueberry pomace 

The characterization of pomaces from American cranberry (Vaccinium macrocarpon) and 

wild blueberry (Vaccinium angustifolium) by Ross et al. (Ross et al., 2017) revealed a wide range 

of minerals, phenolics, carbohydrate, lipids and proteins. The detected minerals in these two 

berries’ fruit pomaces included calcium, potassium, iron, copper, zinc, magnesium, manganese, 

and phosphorus among others, while their specific enriched phenols included tannins, 

anthocyanins, tartaric esters, and flavanols [38], whose amount is mainly abundant in the fruit’s 

peel. 

Despite some anti-nutritive properties of tannins in terms of reducing iron absorption, 

protein digestibility and consequently, growth performance, various studies demonstrated their 

potential as anti-carcinogen, antibacterial, antioxidant and immune-modulator agents among 

others (Chung et al., 1998; Kumar Ashok & Upadhyaya, 2012). Ethanolic extracts of 

abovementioned cranberry and wild blueberry pomaces were enriched in phenolics, tartaric esters, 
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and antioxidant activities compared to the original pomaces (Ross et al., 2017). Feeding broiler 

chicken with cranberry and blueberry pomaces and their extractives, induced metabolic changes 

in the bird’s blood including a significant increase in the levels of plasma quinic-acid, suggesting 

that these products can reduce oxidative stresses and improve metabolic functions against reactive 

oxygen species’ and their associated-damages in chickens (Quail Das, Islam, Lepp, Tang, Yin, 

Mats, Liu, Ross, Kennes, Yacini, et al., 2020) 

2.3.2. Apple pomace 

The characterization of apple pomace revealed that it contains about 43.6% dietary fibers 

(Sato et al., 2010a), mono and di-saccharides such as sucrose, arabinose, galactose and fructose 

(Gabriel, Prestes, Pinheiro, Barison, & Wosiacki, 2013), triterpenoids (Almeida-Trasviña et al., 

2014), polyphenolic compounds (Vrhovsek, Rigo, Tonon, & Mattivi, 2004), volatile compounds 

such as glycerol esters and aldehydes (Madrera & Valles, 2011), non-volatile acids such as malic, 

citric and quinic acids (G. W. Chapman & Horvat, 1989), proteins (7.1%), in addition to minerals 

such as sodium, potassium, calcium, phosphorus, magnesium, iron, manganese, zinc, and copper 

(Pieszka et al., 2015a). Polyphenols in apple are predominantly found in the peel fraction, where 

they are bound to pectin and other cell-wall structures. This was demonstrated through measuring 

the quantity of polyphenols including catechins, proanthocyanidins, hydroxycinnamates, 

flavonols, dihydrochalcones, and anthocyanins in the juice and in the pomace, with the pomace 

showing higher polyphenolic concentrations (Vrhovsek, Rigo, Tonon, & Mattivi, 2004; Maragò 

et al., 2015).  

The biological activities and benefits associated with apple pomace consumption (and its 

derivative compounds) have been documented (Maragò et al., 2015; Perussello et al., 2017) Apple 

pomace fibers were reported to improve the digestion and metabolism in animals and humans 

through their prebiotic actions and the promotion of the growth of beneficial bacteria in the gut. 

This in turn enhances the peristaltic movements of the bowel, mediation of homeostasis of 

cholesterol and triglycerides, which then improves the cardiovascular health together with 

triterpenoids which enhance the bioactivity of the nitric oxide synthase enzyme (Beermann et al., 

2018). Moreover, plasma from lambs fed a fattening diet containing ~10% apple pomace, 

demonstrated a higher antioxidant activity (Rodríguez-Muela et al., 2015). Wistar rats fed native 
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apple pomace, showed an increased superoxide dismutase (SOD) activity in their red blood cells, 

demonstrating further the potential of apple’s pomace bio-actives in mitigating oxidative stresses 

(Juśkiewicz et al., 2011). In broiler chickens, Colombino et al. (2020) elucidated the importance 

of apple polyphenols in improving the gut microbiota composition of birds, specifically increasing 

the α-diversity as compared to blackcurrant, strawberry and control corn-soybean meal based diets 

that were also used in these experiments. Moreover, the authors hypothesized that since the 

broilers’ histomorphometric indices were not negatively affected by the fruit pomaces, then the 

latter do not hamper gut development and nutrient absorption. Another study in turkey poults by 

Juskiewicz et al. (2016) utilized apple, blackcurrant and strawberry pomaces at 5 % inclusion 

levels to show a significant decrease in sucrose and maltase mucosal activity in the small intestine 

of birds fed blackcurrant and strawberry, but not in the apple group. This could be partially due to 

the varying levels of fibers content in these three pomaces that could influence enzymes activities. 

 

2.3.3. Grape pomace 

Grape pomace has been suggested also as an animal feed additive to take advantage of its 

proteins, lipids, non-digestible fibers and minerals, in addition to its non-phenolic vitamins such 

as -carotenoids and tocopherols that are known to exhibit antioxidant properties (Silva Soares et 

al., 2018b). Despite its rich content in potential nutritionally-important phytochemicals, it is only 

in the present times that the necessity of fully characterizing of grape-pomace compounds and their 

nutritional influence has been realized (Makris & Kefalas, 2013a). Earlier characterizations 

demonstrated a wide array of polyphenolic compounds such as catechins, stilbenes, saponins, 

flavanols, anthocyanins, phenylpropanoids and derivatives of p-coumaric and benzoic acids 

(Makris & Kefalas, 2013a). Further studies showed the anthelmintic, ovicidal and antilarval 

activities and the stimulatory potential of grape saponins and tannins (up to a certain level, which 

beyond the tannins which would have anti-nutritive effects due to their strong binding to proteins 

and macromolecules and complex formation) (Silva Soares et al., 2018b). The above 

phytochemicals reflected grapes’ pomace potential to inhibit the hatching, growth and movement 

of free-living Haemonchus contortus worms.  



 

21 

 

In a more recent study (Chedea et al., 2018), extracts from grape were used in pre-weaned 

piglets that are usually susceptible to physico-chemical damages to their enteric systems associated 

with the weaning-process stress. Polyphenols derived from grape extracts showed an anti-

inflammatory effect within the small intestines of these piglets hence minimizing villus erosion 

and atrophy. Moreover, the antioxidant potential of grapes significantly increased the levels of 

glutathione peroxidase and SOD activities in the duodenum and colon sections of the digestive 

system. The authors suggested possible relationships between the above positive effects with grape 

pomace polyphenolics including gallic acid, hydroxycinnamic acid, anthocyanins, catechins, and 

epicatechins (Chedea et al., 2018). In chicken, recent studies by Goñi et al. (2007) explored the 

use of grape pomace at 5, 15, and 30 g/kg inclusion levels with vitamin E [α-tocopheryl acetate 

(200 mg/kg)] in a corn-soybean basal diet. They reported that grape pomace was able to increase 

the anti-oxidative capacity of the administrated diets, birds’ excreta, and meat during storage, with 

the latter having a higher oxidative stability at the highest pomace inclusion level. Additionally, 

these authors (Goñi et al., 2007) found that liver vitamin E concentrations were significantly high 

to warrant the consideration of alternatively using grape pomace flavonoids to increase vitamin E 

in chicken, which could reduce costs associated with this vitamin in diet. 

2.3.4. Polyphenols structure, absorption, transport, and bioavailability 

In terms of their nature and structures, polyphenols can be categorized into two groups: 

flavonoids and non-flavonoids phenolics. The structure of flavonoids consists of two benzene rings 

(A and B), linked together by a heterogeneous pyrone C ring (Figure 2-3). This group contains 

compounds such as flavonols, flavones, flavanones, flavone C-glycosides, isoflavones, flavanols 

and anthocyanins. These phenolics have very varied structural differences, which influence their 

metabolism, interaction with gut microbiota, absorption, and assimilation [54]. In comparison, the 

non-flavonoid phenolics are more heterogeneous in nature and extend in structure from the simple 

benzoic acid to more complex compounds such as tannins and lignans (Wu et al., 2009; Ozdal et 

al., 2016). The latter group encompasses compounds such as phenolic acids, stilbenes, and lignans, 

which are reported in abundance in cranberries and grapes pomaces. Resveratrol is an example of 

a stilbenoid that is of great importance in gut health, as it is bio-transformed by gut microbiota to 
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dihydroresveratrol, 3,4′-dihydroxy-trans-stilbene, and 3,4′-dihydroxybibenzyl (lunularin) (Bode et 

al., 2013). 

In the hindgut, the majority of biotransformation products from polyphenolics include: 

benzoic acids (C6-C1), protocatechuic acid, phenylacetic acids (C6-C2), and 3-(3'-

hydroxyphenyl)-propionic acid; which are easily absorbed into blood, taken to tissues, and 

thereafter excreted via the kidneys (Williamson & Clifford, 2010). Table 2-2 shows various bio-

transformed metabolites of some of the most common flavonoids and non-flavonoid-type 

phenolics found in pomaces. 

The catabolism of pomace bio-actives is dependent on the host`s enzymatic systems and 

colonic microflora. Bound polyphenols are usually released from the food/feed matrixes. After 

absorption and uptake in the liver, aglycones and glucosides become conjugated through 

glucuronidation and sulphation processes and part is returned to the small intestine (Chen et al., 

2018). The portion of the polyphenols reaching the colon will be de-conjugated by microbial 

enzymes such as glucuronidases and sulphatases. This enables the re-uptake or catabolism of the 

aglycones and glucosides into simple compounds such as hydroxyphenylacetic acids (flavonols), 

hydroxyphenyl-propionic acids (flavones and flavanones), phenylvalerolactones, and 

hydroxyphenylpropionic acids (flavanols) (Ozdal et al., 2016). Figure 2-3 shows the fate of two 

flavonoids: flavone C-monoglucosides and flavone C-multiglycosides, where the former is de-

glycosylated into smaller metabolites and then excreted via the colon, while the latter is absorbed 

in the small intestine and either re-circulated via the liver or excreted via the kidneys. 

While absorption and transport of polyphenol in gut is a controversial topic, recent studies 

conducted in human subjects have shown that once ingested into the gut, about 5 to 10 per cent of 

the monomeric and dimeric polyphenols are absorbed by passive diffusion into the enterocytes 

(Corrêa et al., 2019). Upon this absorption, the aglycones are bio-transformed in the enterocytes 

and in the liver hepatocytes with the resultant metabolites distributed to various organs in the body 

before excreting in the urine. The more complex and larger polyphenols (oligomeric and polymeric 

such as tannins) reach the large intestine where they are degraded by some microbes resulting in 

generation of less complex compounds. The gut microbial transformation of these polymeric 

structures include C-ring cleavage, demethylation, decarboxylation, and dihydroxylation (Corrêa 

et al., 2019). Whilst still in the gut, the above bio-active or bio-transformed compounds exert their 
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effects based on many factors where bioavailability and absorbability stand on the top of such 

factors. This bioavailability of polyphenols is influenced by many physicochemical factors such 

as polarity, molecular mass, type of polyphenols present and their digestibility by the gut enzymes 

and in turn their absorption (Ozdal et al., 2016). Bio-accessible compounds are defined as the 

fraction that is released from the food matrix into the bloodstream. According to Parada and 

Aguilera (2007) this part of the compounds reaching the bloodstream is more important than the 

total amount of nutrients excreted. Furthermore, many beneficial bio-active compounds are present 

in biological forms that are usually not fully available. Therefore, a disruption of the food matrix 

(and the structures holding such food/feed components) to make them more accessible is a must. 

The role of enzymes in enhancing nutrient’s bio-accessibility becomes a critical aspect 

during the in vivo digestion and plays a key role in the bioavailability of numerous pomace bio-

actives. As the major bio-active compounds found in  pomaces (such as those of cranberry, 

blueberry, apple and grape), polyphenols are described as large heterogeneous molecules with a 

distinguishing hydroxylated phenyl moiety (Ozdal et al., 2016). Scalbert et al. (Scalbert & 

Williamson, 2000) reported that many polyphenols pass through the gastrointestinal system 

without being absorbed to end up in the hindgut to be bio-transformed by colonic microbiota into 

different metabolites. These metabolites engineer a symbiotic relationship within the gut leading 

to the inhibition of pathogenic microbial populations while supporting beneficial bacterial 

proliferation and ameliorating the host`s health. The microflora living in this symbiotic 

relationship with the polyphenols are mainly bacteria, archaea and eukaryotes (Williamson & 

Clifford, 2010). The next section delves further into these microbiota-polyphenol interactions. 
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Table 2-2. A shortlist of the most encountered pomace active compounds and their fate within the 

digestive system 

Flavonoids Compound Metabolites Reference 

Flavonols 

Quercetin 

 

 

Phloroglucinol 

 

Myricetin 

trihydroxylation 

2-(3,4-dihydroxyphenyl)acetic 

acid, 2-(3-hydroxyphenyl)acetic 

acid, and 3,4-dihydroxybenzoic 

acid 

3-(3,4-dihydroxyphenyl)propionic 

acid, and 

3-(3-hydroxyphenyl)propionic acid 

2-(3,5-dihydroxyphenyl)acetic 

acid, 2-(3-hydroxyphenyl)acetic 

acid, and 2-(3,4,5-

trihydroxyphenyl)acetic acid 

(Rechner et 

al., 2004) 

Flavones and 

Flavanones 

Rutinosides (6-O-α-l-

rhamnosyl-d-

glucosides)  

Neohesperidosides (2-

O-α-l-rhamnosyl-d-

glucosides) 

3-(3,4-dihydroxyphenyl)propionic 

acid 

 

3-(3,4-dihydroxyphenyl)propionic 

acid 

(Rechner et 

al., 2004) 

Flavone C- 

Glycoside 
Orientin Phloroglucinol 

(Y. Zhang et 

al., 2007) 

Flavanols 
Catechin and 

epicatechin 

5-(3′,4′-dihydroxyphenyl)-γ-

valerolactone, 

3-(3-hydroxyphenyl)propionic 

acid, and 

3-hydroxyhippuric acid, 5-(3′-

hydroxyphenyl)-γ-valerolactone 

(Déprez et al., 

2000; Rios et 

al., 2003) 

Anthocyanins 
Cyanidin 

Delphinidin 

Protocatechuic acid 

Gallic acid 

(Williamson 

& Clifford, 

2010) 

Lignans 
Pinoresinol 

Secoisolariciresinol 
Enterolactone and enterodiol 

(Bowey et al., 

2003) 

Stilbenes trans-Resveratrol 
Dihydroresveratrol, 3,4′-

dihydroxy-trans-stilbene 

(Folmer et al., 

2014) 

Phenolic 

acids 

Hydroxycinnamate 

ferulic acid 

3-(3′-hydroxyphenyl)propionic 

acid 

(Andreasen et 

al., 2001) 
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Figure 2-3 The diverse structure and classification of major plant flavonoids: (a) flavan nucleus; (b) 

4-oxo-flavonoid nucleus; (c) anthocyanidins; (d) flavones; (e) flavonols; (f) flavanones and (g) isoflavones 

(Kithama et al., 2021).  
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Figure 2-4 Biotransformation of flavone C-monoglucosides and flavone C-multiglycosides into 

different flavonoid aglycones, monomers and dimers in various organs and tissues, and their subsequent 

excretion (Kithama et al., 2021).Microbiota – Polyphenol interactions 
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Gut microbiota and polyphenol interaction is a mutually dependent relationship where the 

microflora breakdown the polyphenols into functional metabolites, and the metabolites resulting 

from this bio-transformation lead to the inhibition of pathogenic microbial populations while 

supporting beneficial bacterial proliferation and ameliorating the host`s health and performance. 

The microflora living in this symbiotic relationship with the polyphenols are mainly bacteria, 

archaea and eukaryotes (Williamson & Clifford, 2010). Researchers postulated that the three main 

genera of bacteria that form about 90% of the gut bacterial microflora of chicken are Bacteroides, 

Clostridium and Eubacterium while genera of Fusobacterium, Peptostreptococcus, and 

Bifidobacterium are fewer but of significant importance (Iqbal et al., 2020b). The genera of 

bacteria that is of particular importance with regard to polyphenol metabolism is Lactobacilllus, 

which has the ability of breaking down polyphenols to produce short chain fatty acids for energy 

use by enterocytes and deglucosylation of plant glycosides to produce aglycones for use as 

nutritional substrates (Theilmann et al., 2017). Other genera such as Bifidobacterium, 

Eubacterium, and Ruminococcus can further bio-transform aglycones through different pathways 

such as decarboxylation, demethylation, isomerization and dihydroxylation (Espín et al., 2017). 

Apart from species and genera of microbiota, transformations of polyphenols also depend 

on the, structure of polyphenols, flavonoids or nonflavonoids, the degree of polymerization and 

spatial configuration (Iqbal et al., 2020a). Therefore, the type of metabolites will be from different 

pathways, and will have different effects on the gut microbiota themselves as well as, the host. 

Lactobacilli metabolize flavonols (rutin), flavanones (hesperidin), isflavones (genistein) to 

quercetin, hesperitin and 6′-hydroxy-O-desmethylangolensin, respectively (Panche et al., 2016), 

while it metabolizes anthocyanin (peonidin, malvidin, and cyaniding) into 3-methoxy4-

hydroxybenzoic acid, 3,4-dimethoxybenzoic acid and 3,4-dihydroxybenzoic acid, respectively. 

The same metabolites are also derived from anthocyanins when metabolized by Bifidobacterium 

spp. (Monagas et al., 2010). Bifidobacterium spp and Clostridium coccoides metabolize flavonols 

(catechin, epicatechin and epigallocatechin) into 3-(3-hydroxyphenyl)propionic acid, 5-(3,4-

dihydroxyphenyl) valeric acid and 5-(3′,4′-dihydroxyphenyl)-γ-valerolactone and 5-(3′,4′-

dihydroxyphenyl)-γ-valerolactone respectively (Hur et al., 2002). 

Functionally, the above microbial derived metabolites together with their pre-cursor 

polyphenolic compounds affect gut microbial composition and signaling pathways. The 
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metabolites provide protection to the epithelial cells and mucosa of the hind gut by promoting 

intestinal detoxification and antioxidant systems, modulation of intracellular receptors and 

signaling molecules, and prevention of inflammation, thereby improving gut barrier function 

(Mosele et al., 2015; Shimizu, 2017). Additionally, polyphenols and their metabolites act as 

antimicrobials, suppressing the growth of pathogenic bacteria such as Escherichia coli, 

Helicobacter pylori, Salmonella spp. and Clostridium spp. while promoting the proliferation of 

beneficial bacteria (Selma et al., 2009; Espín et al., 2017). These antimicrobial actions are 

accomplished through prevention of bacterial-biofilm formation (Espín et al., 2017), suppression 

of pro-inflammatory gene expression (C. Zhang et al., 2017), support of competitive exclusion of 

pathogenic bacteria, reduction of adhesion properties and disruption of cell membrane function of 

bacteria (Surai, 2014). 

The incorporation of feed additives or ingredients rich in phenolic compounds is a step 

forward in replacing antibiotics in poultry feed, due to the antimicrobial action of polyphenols and 

their metabolites against pathogenic bacteria such as Salmonella and E. coli. This would lead to 

improved nutrient utilization and growth performance of birds due to improved gut health (Goñi 

et al., 2007; Brenes et al., 2016). Nonetheless, it is also important to note that challenges of 

bacterial resistance to these natural antimicrobials are still possible and research needs to continue 

into evaluating these resistance profiles especially in ubiquitous pathogens like E. coli. 

2.4.1. Avian pathogenic Escherichia coli and antibiotic resistance 

Avian colibacillosis is an infectious bacteria disease affecting poultry caused by 

Escherichia coli, that is considered one of the diseases that causes the highest morbidity, mortality 

and heavy economic losses in poultry industry (Mora et al., 2012). The strain of E. coli that causes 

avian colibacillosis is grouped as part of the human extra intestinal pathogenic Escherichia coli 

(ExPEC), since these strains have created a niche for themselves outside of the gut where the 

normal non-pathogenic strains reside (Timothy J Johnson et al., 2010; Clermont et al., 2011). The 

grouping together of the avian and human strains is due to their sharing of many common 

characteristics, including the K1 capsular antigen gene and the ibeA gene (Moulin-Schouleur et 

al., 2006) hence emphasizing their zoonotic potentials. Additionally, since healthy birds can shed 

strains of E. coli  that harbor virulent genes to the environment, the use of antibiotics in animal or 
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poultry production can lead to the transfer of resistant genes to the environment, which can then 

reach other animal and human populations (Fricke et al., 2009). 

Infections by antimicrobial resistant bacteria, including E. coli, has been on an upward 

trajectory, visibly outpacing the speed of discovery of new natural and synthetic antimicrobials. 

The effect of this is that there is now a very narrow selection of antimicrobials that can be used to 

treat diseases including those caused by extended spectrum beta lactamase (ESBL)-resistant E. 

coli and other species (Boerlin & Reid-Smith, 2008; J. Scott Weese, 2013). Resistance to beta-

lactam antibiotics for example, is as a result of its reduced permeability through bacterial cell walls, 

reduced activity against bacterial penicillin binding proteins and more importantly a reduced 

ability to overcome the beta-lactamase enzymes, of which more than a thousand are currently 

recognized (Seiffert et al., 2013). This beta-lactamase action against beta-lactam antibiotics is 

mediated mainly through bacterial plasmids. 

Plasmids have been described as bacterial circular DNA molecules that can reproduce 

themselves independent of the bacterial chromosomes, and have the ability to laterally transfer 

their genetic material to other bacterial species through conjugation and other mechanisms such as 

facilitation, co-integration, mobilization and co-transfer through mobile genetic elements 

(Carattoli, 2009; Seiffert et al., 2013; Dionisio et al., 2019).  Plasmid sizes vary from one to another 

and they may range from a few kilobases up to 2 megabases, with some constituting up to 45% of 

the bacterial genome (Bañuelos-Vazquez et al., 2017). Classification of plasmids is based on a 

constantly present control system replicon that determines the plasmid incompatibility group (Inc), 

that confers a characteristic that two correlated plasmids cannot spread stably within the same 

bacterial cell (Carattoli, 2009). That being so, many of the plasmids encoding genes for resistance 

to extended spectrum cephalosporin in E. coli (ESC-R-Ec ) in food animals and products belong 

to the IncF, for blaCTX-M, blaSHV and blaCMY-2 genes (Timothy J. Johnson et al., 2007). 

Among the Enterobacteriaceae, the most important plasmid encoded β-lactamase genes to be 

described in humans are blaCTX-M-1 (IncN, IncI1, IncF, IncL/M), blaCTX-M-2 (IncA/C, IncHI2, 

IncP, IncI1), blaCTX-M-9 (IncHI2, IncP, IncF, IncI1, IncY, IncB/O, IncK), blaCTX-M-14 (IncK, 

IncF, IncI1, IncHI2, IncB, IncA/C), blaCTX-M-15 (IncF, IncI1, IncA/C, IncL/M, IncN), blaSHV-

12 (IncI1, IncK, and IncF, IncA/C, IncHI2), blaTEM-52 (IncI1), blaCMY-2  (IncI1, IncA/C, 

IncF), blaVIM-1 (IncN, IncHI2, IncI1, IncW), and blaNDM-1 (IncN, IncL/M)(Carattoli, 2009). 
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As previously stated, the IncF plasmid groups are most frequently encountered in human and 

animal E. coli and Salmonella infections (Timothy J. Johnson et al., 2007), even though IncI1, 

IncA/C, IncL/M, IncN and IncK  are also found in both human and animal hosts. 

Recently, in food animals and pets, there has been a notable increase in the spread of a 

family of CMY-2-encoding plasmids from the pAmpC cephalosporinases, aside from the FOX, 

MIR, MOX encoding plasmids. The CMY-2, CTX-M-15, CTX-M-14-encoding plasmids are 

commonly found to move between E. coli and Salmonella isolated from food animals, pets and 

humans, and in Canada to be particular, S. Heidelberg has been found to be a major culprit in 

producing CMY-2 (IncI1 and IncI2 groups) plasmids in chickens, with eventual spread of 

morbidities and mortalities in humans (Dutil et al., 2010b). Evidentially, Winokur et al., (Winokur 

et al., 2001) were able to show, through molecular hybridization techniques, that there was transfer 

of resistance genes from commensal intestinal tract bacteria to virulent bacteria in humans, pigs 

and bovines, as they all express a homologous CMY-2 beta-lactamase. This homology was 

significant in E. coli and Salmonella plasmids in both humans and food animals that were 

examined, probably carried by a common transposon or other mobile genetic transfer mechanisms 

(Winokur et al., 2001; Giles et al., 2004). Moreover, a study by Poppe et al., (Poppe et al., 2005) 

in turkey poults was able to demonstrate the transfer of conjugative plasmids from a donor E. coli 

to a recipient antimicrobial-susceptible Salmonella enterica serovar Newport (13/196 isolates) in 

the intestinal tract of the poults, and interestingly too, that the Newport serovar was also able to 

disseminate the blaCMY-2 genes to other E. coli strains. Even more worrying is new information 

regarding the pathogenic E. coli being able to out compete commensal strains of the same E. coli 

species by utilizing their anaerobic metabolic processes encoded in the plasmids, and thus the 

pathogens are able to colonize the intestinal tract (Dunn et al., 2019). 

A 2019 study of broilers in South Korea investigated the presence and distribution of 

plasmid-mediated AmpC E. coli  resistance to 3rd-generation cephalosporins, and also ESBL in 

parent stock of layers (Kwang Won Seo, 2019). In this study, the plasmid mediated blaCMY-2 

genes were identified in 18 out of 65 isolates of E. coli that they were investigating. This study by 

Kwang et al.,(Kwang Won Seo, 2019) is important as it highlighted the intergenerational transfer 

of resistance genes from the parental stock to the chicks in ovo. The mitigation measures by 

different countries and states to stem the use antibiotics in feed and food animals has borne fruit 
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in some countries such as Japan, where epidemiological studies in 2018 by Shigemura et al., 

(Shigemura et al., 2018) revealed that there was a decrease in ESC-R Salmonella in broilers. In 

their study they demonstrated that the high prevalence in 2011  (45.5%) of Salmonella isolates 

expressing pAmpC blaCMY-2 genes dropped steadily through the years 2012, 2013, 2014, and 

2015, with prevalence rates of 29.2% , 18.2% , 10.5%, and 10.5% respectively after the cessation 

of Ceftiofur use in broilers. However, the Salmonella enterica serovar Manhattan still continued 

to maintain the IncX1 plasmid carrying TEM-52 genes even after stoppage of Ceftiofur use. 

In the absence of direct selection to specific antibiotics, resistance can be conferred through 

co-selection of other antimicrobial resistant genes. This phenomenon leads to cases of multi-drug 

resistant (MDR) bacteria, and the public health risk brought about by MDR bacteria cannot be 

overstated. The Canadian Integrated Program for Antimicrobial Resistance Surveillance 

(CIPARS) did a survey of resistance to ceftiofur (minimal inhibitory concentration [MIC] of 

≥8 μg/ml) in E. coli and Salmonella isolates derived from pig farms over the course of three years 

and determined that this resistance to ceftiofur was in conjunction with selection for resistance to 

tetracycline, sulfisoxazole and streptomycin, amoxicillin –clavulanic acid (MIC ≥ 32/16 μg/ml), 

and this is in addition to selection for resistance to cefoxitin  (MIC ≥ 32 μg/ml) and ceftriaxone 

(MIC between ≥8 and <64 μg/ml), which gives credence to the possibility of a correlating 

mechanism of resistance by way of blaCMY-2 genes (Li et al., 2007; Deckert et al., 2010).  

Other researchers such as Alexander et al.,(Alexander et al., 2010) did an experiment with 

feed lot cattle at the Lethbridge Research Centre in Canada, with an aim to investigate 

antimicrobial resistant E. coli after feeding of diets that contained antibiotic growth promoters 

(AGP) chlortetracycline and/or sulfamethazine. In that study they were able to establish that the 

use of chlortetracycline with or without the addition of sulfamethazine, not only increased the 

prevalence of tetracycline resistant E. coli, it also lead to the resistance to other antibiotics such as 

ampicillin chloramphenicol that were not part of the administered ones (Alexander et al., 2010). 

Previously, Varga et al. (2009)  and Mürmann et al. (2009)  had also shown a direct link between 

the use of chlortetracycline and tandem resistance of E. coli and Salmonella isolates to other 

antibiotics such as ampicillin and cephalothin, that were not part of the antibiotic growth promoters 

added to the feed of pigs. Boerlin et al. (2005)  had previously suggested this phenomenon in swine 
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to be caused by the existence of several resistance genes on mobile genetic elements such as 

transposons, integrons and plasmids. 

Plasmids carrying third-generation-cephalosporin resistance gene can concomitantly be 

linked to other antimicrobial resistance genes, and in so doing, the use of the cephalosporin can 

increase resistance to the other antimicrobial (Kwang Won Seo, 2019). In plasmid assembly, 

different mechanisms such as movement of transposons, gene cassettes in integrons and insertion 

sequence common regions (ISCR) on mobile genetic elements are involved, and these account for 

the major recombination of the plasmids, vicious ability to spread to commensal and pathogenic 

bacteria, and thus ability to confer resistance to several antimicrobials. Integrons are DNA 

elements that are located either in chromosomes or in plasmids, and their role in MDR is in their 

ability to cluster different resistance genes and being able to be integrated into transposable 

elements like transposons (Res., 2001; Bennett, 2008; Chalmers et al., 2017).  

Type 1 and Type 2 IncC plasmids were found to have in their backbone sections where 

antibiotic resistance genes reside, called genomic or resistance islands (ARI-A and ARI-B) with 

ARI-B common between the two plasmids. Type 1 plasmids of IncC not only carry blaCMY-2 

genes but blaCMY-4, blaCMY-6 and blaCMY-16, delivered there-in by the action of insertion 

elements ISEcp1, and that when this ISEcp1-CMY-2 combo is present the plasmid also carries the 

large resistance island ARI-A(C. J. H. a. R. M. Hall, 2014; Ambrose et al., 2018b, 2018a). 

Moreover, Douard, et al reported the significance of plasmids IncA and IncC in carriage and 

dissemination of Salmonella genomic island 1 (SGI-1) that is involved in multi drug resistance, 

and also the importance of CMY-2 IncA and IncC plasmids in the conjugative mobilization of 

SGI-1 (Douard et al., 2010). 

In-depth research by Fernandez-Alarcon et al., and Harmer and Hall (Fernández-Alarcón 

et al., 2011; C. J. H. a. R. M. Hall, 2014) have elucidated the importance of IncA and IncC plasmids 

as the ancestral encoders of resistance genes, with sequencing analysis of the IncA and IncC 

plasmids derived from different sources revealing that the backbone sequence is similar, with the 

only difference being the accessory components that contain the elements for encoding resistance 

genes. These accessory components were found to contain genes that were resistant to tetracycline 

(tetA), chloramphenicol/florfenicol (floR), streptomycin (aadA2), sulfonamides (sul1 and sul2), 

blaCMY-2 and New Delhi Metallo-β-Lactamase (blaNDM-1) gene, the latter being resistant to 
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many antibiotic types in humans (Kumarasamy et al., 2010). In a study of IncA and IncC plasmids 

derived from E. coli isolates in dairy farms, by Fernandez-Alarcon et al., (Fernández-Alarcón et 

al., 2011), they reported that their plasmid of interest had similarities to those sequenced from 

Salmonella  in humans, suggesting that there was transference or mobility of these plasmids among 

human and livestock populations. They further demonstrated this association by showing that the 

IncA and IncC plasmids have two conjugative transfer-associated regions named Tra1 and Tra2, 

and that in blaCMY-2 containing plasmids a copy or more of the blaCMY-2 gene was inserted 

into Tra1 region (Fernández-Alarcón et al., 2011). Aside from the SUL-2 (sulfonamides) and 

CMY-2 regions, a third accessory component was also sequenced in the IncA and IncC plasmids 

and this was the Tn21-like class 1 integron which as reported earlier (Chalmers et al., 2017) does 

contain multiple antibiotic resistance gene cassettes in addition to metal resistance genes, for 

instance mercury(Fernández-Alarcón et al., 2011).  

The continuing upward cases of antimicrobial resistance in the world, coupled with the 

evolution of different mobile genetic elements such as class I integrons, provides a base for the 

proliferation of microbes with antibiotic resistant genes (Chalmers et al., 2017). In their study, 

Chalmers et al. (2017)demonstrated that 40 plasmids of interest from clinical E. coli isolates in 

broiler chicken in Canada carried the resistance genes  aac(3)-VI and aadB for gentamicin 

resistance and aadA  for spectinomycin resistance. Additionally, blaCMY-2 gene was found to 

exist either alone in IncB/O and IncI1 plasmids or in combination with resistance gene aadA on 

IncA and IncC. This carriage of two genes conferring resistance to two different antibiotics on the 

same Incompatibility replicon A and C poses a potential for future risk of co-transfer and co-

selection. 

Metals, as environmental pollutants and that which find their way to animal feed have also 

been shown to provide selective pressure on antibiotic resistance genes, through co-selection 

(different genes conferring resistance) and cross-selection selection (similar genes conferring 

resistance), with metals having the advantage of not being susceptible to degradation over time 

hence able to maintain a long term selection pressure. The presence of metals such as zinc, copper, 

cobalt and nickel have been associated with the emergence of antibiotic resistant genes, with 

plasmids playing an important role in the dissemination of these genes (Baker-Austin et al., 2006). 

Cleaning agents and sanitizers in the farm such as quaternary ammonium compounds have also 
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been implicated in the co-selection of antibiotic resistance genes in bacteria, with the plasmid 

encoding qacB gene that confer resistance to the quaternary ammonium compound benzalkonium 

chloride (BC) found to have β-lactamase transposon Tn552 encoding the genes blaZ, blaR, 

and blaI adjacent to the qacB gene (J. S. Chapman, 2003). 

The implications of antimicrobial resistance and co-selection affects the whole livestock 

industry and public health sector, as measures to ban the use of one antibiotic may not necessarily 

reduce selection of resistance genes conferred by another antibiotic in the same organism. The 

evolution of virulent gene transfer mechanisms found in  E. coli  and other bacteria creates the 

future possibilities of multi drug resistant bacterial species with grave consequences. Morbidity 

due to colibacillosis or other infections such necrotic enteritis caused by Clostridium perfringens 

can also lead to outbreaks of other diseases such as coccidiosis, that are very difficult to eradicate 

from the farm (Adhikari et al., 2020). 

2.4.2. Avian Coccidiosis 

Avian coccidiosis is a serious infectious disease of poultry caused by protozoa  of the genus 

Eimeria, under which several infective species exist including acervulina, maxima, tenella, 

necatrix, mavati, mitis, praecox, and brunetti (Adhikari et al., 2020). The Eimeria spp. belong to 

the protistan phylum Apicomplexa and their life cycle follows a coccidian pattern of both 

exogenous and endogenous developmental stages (Barta, 2001). The exogenous portion of the life 

cycle begins when a chicken releases non-infective unsporulated oocysts into the environment, 

which then become sporulated after 48h when the temperature (30oC) and oxygen tension become 

just right. The sporulated oocyst in the environment, now containing four sporocysts with each 

sporocyst containing two infective sporozoites is taken up orally by a chicken. The endogenous 

portion of the life cycle begins when the oocyst is ingested and the mechanical grinding of the 

gizzard frees the sporocyst from oocyst and the intestinal enzymes release the sporozoites from 

the sporocyst (Barta, 2001). The diseases itself is caused by infective sporozoites of Eimeria 

growing and proliferating in intestinal cells, a stage called trophozoite, dividing asexually into 

merozoites, rupturing the intestinal cells during different reproductive stages, leading to epithelial 

cell destruction, hemorrhage and mucoid exudates (Assis et al., 2010). The merozoites will then 
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undergo sexual reproduction to develop into zygotes that speedily form an oocyst wall and become 

unsporulated oocysts ready to be shed in feces (Fayer, 1980).  

The damage caused in the intestine by coccidia infection predisposes the bird to secondary 

bacterial infection, especially by Clostridium perfringens, which causes necrotic enteritis (Assis 

et al., 2010). The immune system is heavily compromised in Eimeria and nectrotic enteritis 

infections, with studies showing that there is an increase in expression of inflammatory proteins 

such as interferon (IFN)-γ, interleukin (IL)-10, and IL-4 in the gut, as well as up-regulation of 

intestinal mucin RNA expression and increase in goblet cell numbers, which explain the mucoid 

exudates (Assis et al., 2010). 

With the ban on the use of antimicrobials in food animals, alternate ways for mitigating the 

risk of coccidiosis and necrotic enteritis have been researched. Some of these include the use of 

vaccines (K. R. Price, 2012), feed enzymes (E. G. Kiarie et al., 2019), prebiotics and probiotics 

(Elmusharaf et al., 2006), ionophores and plant extracts such essential oils (Bozkurt et al., 2016), 

organic acids (Aristimunha et al., 2016) and fruit pomaces (Q. Das et al., 2021). Use of vaccines 

has become widely adopted in industry practice, especially in North America, in which case live 

vaccines are most commonly preferred (K. R. Price, 2012). Live vaccines introduce young chicks 

to a lower dose of oocysts, just enough to elicit an immune reaction but not enough to cause 

disease, even though some vaccine regimes may cause some mild coccidiosis. In broilers, 

vaccination regimes focus principally on E. acervulina, E. maxima, Eimeria mevati, 

and E. tenella, while in layers, which have a longer on-farm life-span, the focus of vaccination is 

on  E. tenella, E. mevati, E. acervulina, E. maxima, Eimeria brunetti, Eimeria hagani, Eimeria 

necatrix, and Eimeria praecox (K. R. Price, 2012). A combination of dietary (fruit pomaces and 

exogenous enzymes) and vaccine challenge model will be studied further in this thesis. But first, 

we need to explore how these fruit pomaces are digested in vivo. 
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2.5. Summary  

The poultry industry at large is experiencing a momentous shift in production practices that 

need progressive adoption of new methods of raising chickens in a challenging environment of 

climate change, increased feed costs, withdrawal of antibiotic growth promoters and adherence to 

animal welfare concerns. These factors, among others, have necessitated the poultry industry to 

look into alternative sources of ingredients that could help in mitigating the aforementioned 

challenges whilst still improving the growth performance, feed efficiency and general health of 

birds. However, the alternatives being explored have still not proven to be at par with well-

established antibiotic growth promoters like bacitracin.  The use of  ingredients and additives such 

as fruit pomaces have been demonstrated in various studies to have potentials as growth promoters, 

anti-carcinogens, antimicrobials, antioxidants, immune-modulator agents, among others. As 

antioxidants, cranberry and blueberry have been shown to influence metabolic changes in the 

bird’s blood with increases in plasma quinic-acid, which reduces oxidative stresses. Feed enzymes 

are additives that have also been proven to have beneficial effects on digestive health, 

immunological health, physiological health and microbiological health of birds. Enzymes achieve 

some of these effects by improving the digestibility of nutrients and alterations of the microbiome, 

which in turn influences the host immunity, intestinal integrity and development. There is limited 

research into the use of fruit pomaces in broiler production unlike the use of feed enzymes. A 

combination of enzymes and pomaces to assist in the breakdown of fiber fractions to release 

nutrients and polyphenols-rich products has not been extensively explored either as these feed 

additives have commonly been used as single entities. This thesis will investigate the utilization 

of fruit pomaces and exogenous feed enzymes in improving the functional and nutritional attributes 

of the pomaces, and their effect on production indices, blood metabolites, gut health and intestinal 

integrity of broilers. The yardstick for comparison of impact of tested products will be bacitracin 

and Salinomycin in a bid to understand their potentials to replace antibiotics as growth promoters 

in poultry feed. The end goal is to produce safe food for consumers and provide poultry industry 

with insight and understanding of the alternatives that lay ahead as the industry transitions to an 

antibiotic-free era of animal production. 
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Chapter 3.  Hypothesis and Objectives 

The overall hypothesis is that treatment with commercially available multi-enzyme 

supplement will increase the nutrient and functional compound levels of fruit pomaces for broiler 

production and that the enzyme treated phenolic-rich pomaces will influence gut microflora and 

modulate immune response of broilers challenged with Eimeria spp.  

The objective of the research is to investigate the effects of enzyme and pomace 

combinations on major health and foodborne pathogens with the resultant benefit of 

improvement of growth and production of broilers. The specific objectives and their approaches 

are as outlined below: 

1. Evaluate the digestibility and nutrient value of pomaces when treated with exogenous 

enzymes. 

Approach: An in-vivo digestibility experiment was conducted to evaluate the 

apparent retention of nutrients and the apparent metabolizable energy of pomaces in 

diets that contained 0.3% titanium oxide as a marker. Excreta samples were collected 

for this analysis and plasma samples collected for analyses of avian plasma 

biochemical profile (protein, enzymes, metabolites, and minerals) by photometric 

method. 

2. Evaluate the effects of diets supplemented with exogenous enzymes and fruit 

pomaces on broiler performance and general health. 

Approach: A large animal experiment was done to assess the growth performance 

and plasma metabolite profile of birds fed the experimental diets, and comparing the 

parameters measured with birds raised on antibiotics as growth promoters. 

3. Evaluate the effects of diets supplemented with exogenous enzymes and fruit 

pomaces on cecal bacterial community and antimicrobial resistance profile (AMR) of 

Escherichia coli. 

Approach: Samples of cecal derived from the large animal trial in the second 

objective were used for 16S rRNA sequencing to examine the cecal bacterial 

community structure and the same cecal content was used to culture E. coli for AMR 

profile. 



 

38 

 

4. Evaluate the effects of diets supplemented with exogenous enzymes and fruit 

pomaces on growth performance, intestinal integrity and bacterial community of 

broilers upon challenge with Eimeria spp. 

Approach: In this experiment, a challenge model using a high dose of a 

commercial coccidia vaccine was used to primarily determine the effects of the 

pomaces and exogenous enzymes in maintaining intestinal integrity, gut health 

(bacterial community) and performance parameters of the birds. 
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Chapter 4.  Apparent metabolizable energy in grape (Vitis vinifera), 

cranberry (Vaccinium macrocarpon), wild blueberry (Vaccinium 

angustifolium) and apple (Malus pumila/domestica) pomaces fed to 

broiler chickens without or with multi-enzyme supplement 

4.1. Abstract  

Nutritive and functional value of fruit pomaces in poultry is unexplored. We determined 

apparent metabolizable energy (AME) and plasma metabolites in broiler chickens fed diets 

containing apple (APL), low bush wild blueberry (LBP), cranberry (CRP) and grape (GRP) 

pomaces without or with multi-enzyme supplement (ENZ). A total of 360 one-d old Ross 708 

male chicks were placed in 72 cages (5 birds/cage) and fed a commercial starter diet from d 0 to 

13, then transitioned to either cornstarch-soy protein isolates basal diet or basal with 30% of 

either pomace without or with ENZ. Excreta samples were collected from d 17 to 20 for 

determination of AME by difference methods and one bird/cage bled for plasma metabolites 

profile on d 21. Apple pomace showed a higher AME (P=0.008) than other pomaces, however, 

ENZ had no effect on AME. The AME was 3,250, 2,613, 2,394 and 3,008 kcal/kg DM for APL, 

LBP, CRP, and GRP, respectively. There was pomace and ENZ interaction on plasma alkaline 

phosphatase (P = 0.04) and APL increased cholesterol levels (P < 0.01). In conclusion, ENZ had 

no impact on energy increment in pomaces, but the AME values this study has established are 

nonetheless valuable for accurate poultry feed formulation. Plasma metabolites suggested 

differences in functional pomace attributes amenable to supplemental ENZ. 
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4.2. Background 

Pomaces are residues of fruit processing, composed of the fleshy pericarp, peels, seeds, 

stems and other parts specific to fruit being processed (Ross et al., 2017). Pomaces may be 

produced organically after mechanical juice extraction whilst others are produced by use of 

chemical means. The chemical methods render the pomaces to be technically inorganically 

produced, as is with other feed ingredients such as solvent treated versus mechanically extruded 

soybean meal (CFIA, 2019; HaleyLeung et al., 2020).  

About 90% of apples (APL) in Canada are mainly produced in British Columbia, Ontario 

and Quebec, with Nova Scotia trailing the three provinces. Various studies reported that dried 

APL pomace contained ~ 43.6 % dietary fibers (Sato et al., 2010b), mono and di-saccharides 

such as sucrose, arabinose, galactose and fructose (Gabriel, Prestes, Pinheiro, Barison, Wosiacki, 

et al., 2013), triterpenoids (Almeida‐Trasviña et al., 2014), polyphenolic compounds (Vrhovsek, 

Rigo, Tonon, Mattivi, et al., 2004), crude protein of up to 7.1% and macro- and micro-elements 

such as sodium, potassium, calcium, phosphorus, magnesium, iron, manganese, zinc, and copper 

(Pieszka et al., 2015b).  

Grape (GRP) is cultivated in Canada mainly for the wine industry and produced  

extensively in the Okanagan valley of British Columbia and in South West Ontario(Canada, 

2021). Grape pomace, and specifically the seeds contain fiber (40%), oils (16%),  protein (11%), 

sugars and minerals, with the fractions varying depending on the variety, climatic conditions, 

soils et cetera (Tsiviki & Goula, 2021). Characterization efforts by Makris et al (2013b) 

demonstrated a wide array of polyphenolic phytochemicals such as catechins, stilbenes, saponins, 

flavanols, anthocyanins, phenylpropanoids and derivatives of p-coumaric and benzoic acids. 

Studies by Silva Soares (2018a) demonstrated the anthelmintic, ovicidal and antilarval properties 

of saponins and tannins found in GRP, up to a certain level, beyond which the tannins would then 

have an anti-nutritive effect due to the strong binding complexes it forms with proteins and 

macromolecules in the body.  

Wild-blueberry, also called low bush-blueberry, (Vaccinium angustifolium) and organic 

cranberries (Vaccinium macrocarpon) are grown in Canada principally in the Atlantic, Quebec 
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and British Columbia provinces (Sandra Behm, 2020; Turner, August 18, 2009). Bio-active 

characterization of organic cranberry pomace (CRP) and blueberry pomace (LBP) by Ross et al 

(2017) revealed a wide assortment of compounds such as carbohydrates including soluble and 

insoluble fibers, protein, minerals, phenolics such as flavonols, anthocyanins and tannins. Even 

though many tannins are considered to be anti-nutritive factors in terms of reducing iron 

absorption, protein digestibility and even growth, its potential as an anti-carcinogen, 

antibacterial, and antioxidant as well as an immune-modulator agent among other advantages has 

been demonstrated  (Ashok et al., 2012). 

Apple (Aghili et al., 2019), GRP (Hosseini-Vashan et al., 2020; Gungor et al., 2021), CRP 

(Islam et al., 2020a) and LBP (Islam et al., 2019a) pomaces have been studied for their use in 

chicken production to different ends, but with low adoption rates commercially. Considering the 

variation in chemical composition in pomaces, complex carbohydrates and fibers, the 

digestibility and availability of nutrients of these pomaces in the chicken gut by the endogenous 

enzymes are unknown. Research has shown that exogenous enzymes in poultry feed breakdown 

cell wall matrices and other anti-nutritive components of feed to release starch, protein, and fats, 

making them available for absorption in the gastrointestinal tract (Karimi et al., 2013; C. Gallardo 

et al., 2017). Gallardo et al (2017) further indicated that the use of multi-carbohydrase enzyme 

with canola meal could improve nutrient and energy utilization and fiber (non-starch 

polysaccharides (NSP)) solubilization for effective hindgut fermentation in broiler chicks. This 

breakdown is associated with degradation of the anti-nutritive factors such as NSPs and phytic 

acid in feed (E. Kiarie et al., 2016) and leads to the release of starch, fats, proteins and minerals 

according to Slominski (2011). The use of a cocktail of enzymes instead of single pure enzymes 

could be beneficial to improve availability of nutrients encased in structurally complex 

ingredients such as pomaces (Ravindran 2013; Kithama et al., 2021).  

Little is known about the potential of fruit pomaces in broiler production, specific to 

energy component, due to a lack of expansive in vivo data of the digestible nutrient content. Such 

knowledge is needed to accurately formulate feed with fruit pomaces for poultry. Moreover, 

even though beneficial effects of pomace consumption on blood metabolites has been 

sporadically demonstrated in broiler models (Islam et al., 2019a; Quail Das, Islam, Lepp, Tang, 

Yin, Mats, Liu, Ross, Kennes, & Yacini, 2020; Islam et al., 2020a), the benefits or impact on 
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physiological and biochemical status of broilers has not been extensively studied. Therefore, it is 

paramount to evaluate the pomaces’ effects on the plasma biochemical profile of chickens in this 

study wherein the pomace inclusion is considered high for practical industry application. The 

general objective of this study was to evaluate nutritive and functional value of APL, GRP, CRP, 

and LBP fruit pomaces fed without or with a multi-enzyme supplement (ENZ) in broiler 

chickens. The specific objectives were to evaluate the apparent metabolizable energy (AME) of 

pomaces and plasma biochemical profile in broiler chickens with the hypothesis that feeding 

pomace with feed enzymes will lead to further release of nutrients and functional components. 

4.3. Materials and Methods 

4.3.1. Pomaces and experimental diets 

Frozen wet organic CRP and LBP pomaces were obtained from Fruit D’Or (Villeroy, QC, 

Canada). Apple and GRP pomaces were procured from processors (Bennett's APLs & Cider, and 

Niagara College Teaching Winery/The Canadian Food and Wine Institute, Niagara Falls, ON). 

The pomaces were freeze-dried and then ground to pass through a 2 mm mesh screen using a 

cutting mill (SM 2000 Retsch, Haan, Germany) and stored at -20℃ until use. A basal semi-purified 

corn starch and soybean protein isolate (CP, 87.3%) diet (Table 4-1)  was formulated to contain 

3,000 kcal/kg AME and 20% crude protein to meet or exceed minerals and vitamins specifications 

for a growing broiler (Aviagen, 2016). The pomace diets were created by mixing basal diet and 

respective pomace at 7:3 (wt/wt) ratio (Woyengo et al., 2010; E Kiarie et al., 2014; Ravindran et 

al., 2014). Each of pomace diet was then supplemented with ENZ containing galactanase, protease, 

β-mannanase, β-glucanase, xylanase, α-amylase and cellulase activities at 50, 200, 400, 600, 7,000, 

2,500, and, 2,800 U/g of product, respectively (Superzyme EO®, Canadian Bio-systems Inc., 

Calgary, AB Canada). Thus, the eight pomace diets and the control basal diet gave a total of nine 

dietary treatments. The basal diet was fed to facilitate calculation of AME by difference method 
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(Woyengo et al., 2010; E Kiarie et al., 2014; Ravindran et al., 2014). The diets contained 0.25% 

titanium dioxide indigestible marker and were prepared in mash form. 

 

Table 4-1 Composition of basal diet, as fed basis 

Ingredient  % 

Corn starch                            57.4 

Soybean protein isolate 23.0 

Soy oil  6.61 

Sucrose 5.00 

Cellulose 3.00 

Limestone  1.67 

Mono calcium phosphate 1.43 

Vitamin and trace minerals premix1 1.00 

Salt 0.26 

Titanium dioxide 0.25 

Potassium carbonate 0.24 

Sodium bicarbonate  0.10 

Magnesium oxide 0.09 

Calculated provisions   

  AME, kcal/kg 3,150 

  Crude protein, % 20.0 

 Standardized ileal digestible Lys, % 1.11 

 Standardized ileal digestible Met % + Cys, % 0.53 

 Standardized ileal digestible Thr, % 0.63 

 Calcium, % 0.90 

 Available P, % 0.43 

 Na, % 0.23 

 Cl, % 0.22 
1Provided per kilogram of diet: vitamin A, 8,800.0 IU; vitamin D3, 3,300.0 IU; vitamin E, 40.0 IU; vitamin 

B12, 12.0 mg; vitamin K3, 3.3 mg; niacin, 50.0 mg; choline, 1,200.0 mg; folic acid, 1.0 mg; biotin, 0.22 mg; 

pyridoxine, 3.3 mg; thiamine, 4.0 mg; calcium pantothenic acid, 15.0 mg; riboflavin, 8.0 mg; manganese, 70.0 mg; 

zinc, 70.0 mg; iron, 60.0 mg; iodine, 1.0 mg; copper, 10 mg; and selenium, 0.3 mg.  
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Table 4-2 Analyzed chemical composition of pomaces, as fed basis 

Item Apple Blueberry Cranberry Grape 

Dry matter, % 92.1 98.6 98.3 92.2 

Gross energy, kcal kg-1 3,858 5,313 5,440 4,486 

Crude fat, % 2.22 10.26 8.67 1.14 

Crude protein, % 3.76 11.62 7.42 4.46 

Amino acids, %         

Arg 0.07 0.06 0.04 0.05 

His 0.02 0.07 0.23 0.04 

Ile 0.19 0.57 0.36 0.34 

Leu 0.40 1.32 0.74 0.67 

Lys 0.01 0.03 0.01 0.01 

Met 0.02 0.02 0.24 0.01 

Phe 0.22 0.75 0.43 0.40 

Thr 0.24 0.01 0.75 0.45 

Val 0.24 0.78 0.49 0.47 

Ala 0.54 0.01 0.01 0.08 

Asp 0.10 0.01 1.52 0.05 

Cys 0.03 0.04 0.01 0.05 

Glu 0.01 0.01 0.45 0.03 

Gly 0.69 0.29 0.64 0.93 

Pro 0.27 0.81 0.47 0.68 

Ser 0.15 0.90 1.00 0.64 

Tyr 0.05 1.15 0.68 0.66 

Carbohydrates, %         

Starch 8.75 1.97 1.97 22.04 

Ethanol soluble carbohydrates 33.58 6.76 4.90 55.32 

Neutral detergent fiber 34.42 72.59 75.04 9.63 

Acid detergent fiber 12.76 46.50 59.49 6.19 

Mono sugars         

Arabinose 2.92 1.11 4.56 0.39 

Xylose 1.46 1.06 3.19 3.17 

Mannose 0.41 0.47 0.80 0.46 

Galactose 1.56 1.39 1.93 0.52 

Glucose 8.50 9.60 17.63 5.85 

Uronic acid 12.77 13.55 16.04 6.02 

Total non-starch polysaccharides 27.63 27.19 44.15 16.40 

Minerals, %         

Ash 1.62 0.98 0.49 2.07 

Calcium 0.06 0.13 0.00 0.11 

Phosphorus 0.07 0.17 0.12 0.07 

Sodium 0.01 0.01 0.01 0.01 
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Potassium 0.56 0.08 0.08 0.94 

Magnesium  0.04 0.01 0.01 0.02 

Polyphenols     

Total phenolics – Glories (mg GAE 100 g-1 dry wt) 377.5 1342.4 733.1 661.0 

Tartaric esters – Glories (mg caffeic acid 100 g-1 

dry wt) 

99.5 463.4 259.6 121.5 

Flavonols - Glories (mg quercetin 100 g-1 dry wt) 109.5 445.5 353.2 82.5 

Anthocyanins - Glories (mg Cyan 3-glu 100 g-1 dry 

wt) 

8.50 604.1 92.5 21.5 

 

Table 4-3. Analyzed composition of experimental diets, as fed basis 

Item Control Apple Blueberry Cranberry Grape 

Dry matter, % 92.6 94.5 94.5 94.7 92.0 

Gross energy, kcal kg-1 3,939 3,881 4,428 4,460 4,077 

Crude fat, % 1.94 2.21 5.86 9.33 4.56 

Crude protein, % 16.2 16.4 15.3 18.0 17.8 

Amino acids, %           

Arg   1.85 1.85 0.04 0.02 2.06 

His 0.44 0.44 0.23 0.20 0.05 

Ile 0.61 0.61 0.82 0.84 1.01 

Leu 1.34 1.34 1.79 1.78 1.96 

Lys 0.05 0.05 0.07 1.35 0.07 

Met  0.03 0.03 0.04 0.46 0.02 

Phe 0.84 0.84 1.13 1.20 1.34 

Thr 0.69 0.69 1.55 1.01 1.11 

Val 0.72 0.72 0.96 0.02 0.02 

Ala 1.30 1.30 1.58 1.72 1.77 

Asp 0.23 0.23 4.37 1.41 2.83 

Cys  0.35 0.35 0.47 0.13 1.87 

Glu 3.42 3.42 1.06 2.42 4.80 

Gly 1.31 1.31 1.06 0.14 0.03 

Pro 1.00 1.00 1.06 1.26 1.38 

Ser 1.07 1.07 1.06 0.57 0.29 

Tyr 1.59 1.59 1.06 0.06 0.03 

Carbohydrate, %           

Starch 42.9 40.6 23.3 26.7 33.9 

Ethanol Soluble carbohydrates 6.76 10.28 7.29 7.20 5.87 

Neutral detergent fiber 1.41 4.49 24.4 29.8 14.2 

Acid detergent fiber 3.93 6.17 19.9 18.8 7.22 

Minerals, %           

 Ash 8.33 11.5 10.9 10.9 8.10 
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 Calcium 1.26 1.12 0.94 0.96 1.43 

 Phosphorus 0.51 0.51 0.43 0.44 0.53 

 Sodium 0.36 0.33 0.26 0.32 0.43 

 Potassium 0.31 0.36 0.30 0.34 0.43 

 Magnesium  0.08 0.04 0.08 0.07 0.04 

 

4.3.2. Birds and Housing 

The study was conducted at the Arkell Poultry Research Station and approved by the 

University of Guelph Animal Ethics Committee (Animal User Protocol no. 3521) according to 

the Canadian Council of Animal Care guidelines (CCAC 2009). A total of 360-d old Ross 708 

male chicks were purchased from a local hatchery (Maple Leaf Foods, New Hamburg, ON, 

Canada), weighed individually, assigned to 72 identical metabolic cages (5 birds/cage). Cages 

(24″ × 20″ × 18″) were placed in an environmentally controlled room. The room temperature was 

set at 32°C on d 0 and this was gradually decreased to 27°C by d 21. The lighting program was 

24 h of light (20+ LUX) from day 0 to 3, followed by 20 h of light (10-15 LUX) for subsequent 

days to day 21. Birds had free access to feed and water through the nipple drinkers and troughs, 

respectively.  

4.3.3. Experimental Procedures  

Broilers were fed a commercial starter diet for the first 13 d for adaptation. The commercial 

starter was corn and soybean meal based with concentrations of crude protein, crude fat, crude 

fiber, Ca, and P being 22.8, 4.7, 2.8, 0.97 and 0.62%, respectively (Floradale Feed Mill Ltd., 

Floradale, ON, Canada). On d 14, the nine experimental diets were allocated in a completely 

randomized design (8 replicate cages per diet) based on cage body weight (BW). Birds had free 
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access to feed and water throughout the study. Feed intake (FI) as well as mortality were 

monitored between d 14 and 21.  

4.3.4. Sample collection 

Fresh excreta samples were collected from each cage consecutively from d 17 to 20 and 

stored at -20℃ (Woyengo et al., 2010). On d 21, one bird per cage was bled for plasma in heparin 

coated tubes, samples placed on ice and transferred to the laboratory. The blood was spun at 

4,000 g and 4℃ for 15 min to separate out the plasma layer, which was then collected and stored 

at -20℃.   

4.3.5. Sample Processing: Plasma, excreta and exogenous enzyme analyses 

Plasma biochemical profile including protein, enzymes, metabolites, and minerals were 

analyzed by photometric method as described by Greenacre et al (2008) at the Animal Health 

Laboratory (University of Guelph, Guelph, ON). 

Excreta samples were pooled, and oven dried for four days at 60℃. The pomaces, diets 

and excreta samples were ground in a coffee grinder (Proctor Silex Fresh Grind™ Coffee 

Grinder) and mixed thoroughly for analyses. All samples were analyzed for the following: dry 

matter (DM), nitrogen (N), crude fat (CF), neutral detergent fiber (NDF), minerals, and gross 

energy (GE). Pomaces were further analyzed for polyphenolics and non-starch polysaccharide 

mono sugars and diets for amino acids. Dry matter was determined according to method of 

AOAC (2005; method 925.09) (AOAC, 2005) and Nitrogen by combustion (Leco Elemental 

Analyzer 828, Michigan, USA). The NDF and ADF were analyzed according to methods 

described by Van Soest  et al., (Van Soest, 1994) using an Ankom 200 Fiber Analyzer (Ankom 
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Technology, Fairport, NY), and ether extraction was done using hexane according to AOAC 

methods (2005; method 982.30) (AOAC, 2005). Gross energy was determined using a bomb 

calorimeter (IKA Calorimeter System C 5000; IKA Works, Wilmington, NC). Mineral content 

was analyzed according to AOAC (2005; method 968.08), ash by AOAC (2005; method 942.05) 

starch by AOAC (2005; method 996.11) and ethanol soluble carbohydrates according to Maness 

(2010). Titanium content in diets and excreta was measured on a UV spectrophotometer at 410nm 

after digestion of duplicate excreta samples with sulphuric acid and hydrogen peroxide (Myers 

et al., 2004).  

For amino acids (AA) analyses, samples were prepared by acid hydrolysis according 

AOAC (2005, method 982.30). Briefly, about 100 mg of each sample was digested in 4 mL of 6 

N HCl for 24 h at 110°C, followed by neutralization with 4 mL of 25% (wt/vol) NaOH and 

cooled to room temperature. The mixture was then equalized to 50 mL volume with sodium 

citrate buffer (pH 2.2) and analyzed using Ultra performance liquid chromatography (UPLC, 

Waters Corporation, Millford, CA, USA). Samples for analysis of sulfur containing AA (Met 

and Cys) were subjected to performic acid oxidation prior to acid hydrolysis. Tryptophan was 

not determined. Total phenolics, tartaric esters, anthocyanins and flavonols in pomaces were 

measured using Glories method as described by Harrison et al. (2013) and Ross et al. (2017). 

Non-starch polysaccharide mono sugars were determined by gas-liquid chromatography 

(component neutral sugars) and by colorimetry (uronic acids) using the procedure described by 

Englyst and Cummings (1984; 1988) with modifications (Slominski et al., 2006). Xylanase 

activity in pomace diets was assayed using Xylazyme AX tablets (Megazyme International Ltd., 

Bray, Ireland). One unit of xylanase was defined as the quantity of the enzyme that liberated 1 

μmoL of xylose equivalent per min. 
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4.3.6. Calculation and statistical analyses  

 

The apparent retention  of components (dry matter, crude protein, crude fat, NDF and gross 

energy) were calculated according to  Adeola (2000) using the following equation: 

Apparent Retention (%) = 100 – [100 x (Mfeed x Cexcreta / Mexcreta x Cfeed)] 

 

Where: 

Mfeed and Mexcreta are the concentrations of index (TiO2) in feed and excreta respectively, 

whilst Cexcreta and Cfeed represent the concentrations of the components (energy) in faeces and 

feed respectively. 

The apparent metabolizable energy (AME) in APL, CRP, LBP and GRP was calculated 

using the following formula by Ravindran et al. (2014): 

AME APL, CRP, LBP or GRP (kcal/kg) =  

AME of APL, CRP, LBP, or GRP diets - (AME basal diet x 0.70)  

     0.30 

 

The cage was the experimental unit for all parameters measured. Data were normal 

(Gaussian) and analyzed as a completely randomized design using the General Linear Mixed 

Model (GLMM) procedure of SAS 9.4 (SAS, 2016), that would account for variation in the fixed 

effects, interactions and assumed correlated errors. The model had pomace, ENZ, and associated 

interactions as fixed factors, and errors as random effects. Multiple comparisons using Tukey test 
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was used to separate pomace and interaction LSmeans A P-value of 0.05 or less was used to 

declare significance. 

4.4. Results 

4.4.1. Chemical composition of pomaces and experimental diets 

The analyzed chemical composition of the pomaces is presented in Table 4-2. The CRP 

and LBP showed comparable DM of ~ 98%, whereas APL and GRP DM were 92 and 92.2%, 

respectively. Crude protein content was higher in LBP (11.6%), followed by CRP (7.4%), while 

APL and GRP showed a CP content of ~ 4% for both. The gross energy for the four pomaces 

were higher for LBP (5,388 kcal kg-1) and CRP (5,534 kcal kg-1), compared to APL (4,188 kcal 

kg-1) and GRP (4,865 kcal kg-1). The crude fat content was higher in LBP (10.3%) and CRP 

(8.7%) than in the APL and GRP (Table 3-2). The highest numerical crude protein concentration 

among the four pomaces were observed in the LBP (11.8%) and CRP (7.6%). The profile of AA 

revealed a low content of Lys, Met and Cys in all pomaces. The most abundant AAs, specifically 

in CRP, LBP and GRP included Phe, Val, Ala,  Pro, Ser and Tyr. Among the four studied 

pomaces, CRP and GRP showed the highest content of Arg (Table 4-2). Carbohydrates 

composition differed greatly among the four pomaces, with GRP starch content being the highest 

(22.0%) compared to 2% for CRP and LBP, and 8.8% for APL. The NDF fraction on the other 

hand stood at 72.6% and 75.0% for LBP and CRP, respectively, but GRP and APL showed NDF 

values of 9.6% and 34.4%, respectively. The phenolics content presented in Table 3-2 indicate 

marked differences between the pomaces, with CRP and LBP pomace having the highest 

concentrations of total phenolics, tartaric esters, flavonols and anthocyanins than APL and GRP.  
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As presented in Table 4-3, mixing pomaces with the basal diet increased the levels of crude 

fat while the crude protein content did not markedly change. Contents of AA such as Arg, Ile, 

Pro, Phe, and Glu were higher in CRP diet than in the other diets. Xylanase activity was 

determined to confirm accuracy of inclusion of ENZ and feed mixing. The analyzed xylanase 

activity in pomace diets without ENZ 25, 55, 119, and 29 XU/g for APL, CRP, LBP, and GRP, 

respectively. Corresponding xylanase activity pomace diets treated with ENZ was 8,348, 7561, 

7,097 and 9,000 XU/kg for APL, CRP, LBP, and GRP, respectively. 

4.4.2. Apparent Metabolizable Energy (AME) and apparent retention of nutrients 

The birds readily consumed experimental diets and there was no mortality throughout the 

experimental period. The average feed intake for the 7 experimental period was 249, 146, 280, 298 

and 251 g bird-1 for the basal, APL, LBP, CRP and GRP diets, respectively. Data in Table 4-4 

shows that there was no interaction between ENZ and pomace for apparent retention of DM 

(P=0.369), N (P=0.068), CF (P=0.784), GE (P=0.878) and AME (P=0.852) but there was for NDF 

(P=0.045). The interaction was such that, the apparent retention of NDF for APL fed with ENZ 

was lower than for non-ENZ group. The main effects of pomace were significant for apparent 

retention of DM (P=0.002), N (P<0.001), NDF (P<0.001), GE (P<0.001) and AME (P=0.008). 

The APL showed higher apparent retention of GE (76.2%) than CRP (64.6%), LBP (66.2%), and 

GRP pomace (70.4%). Similarly, the highest AME (3,349 kcal kg-1) was observed with APL 

compared to CRP (2,394 kcal kg-1), LBP (2,612 kcal kg-1), and GRP (3,008 kcal kg-1). 

Supplemental ENZ had no effect on AME (P=0.109).  
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Table 4-4 Apparent retention of components and apparent metabolizable energy in fruit 

pomaces fed to broiler chickens without or with multi-enzymes supplement 

  Apparent retention of components in pomace diets, % Pomace AME,  

 Kcal kg DM-1   Dry matter Nitrogen Crude fat NDF Gross energy 

 Pomace effects             

Apple 71.6a 34.4c 45.9 -173b 76.1a 3,350a 

Blueberry 64.2b 54.8a 58.2 25.1a 66.1c 2,613c 

Cranberry 64.8b 57.1a 72.7 29.6a 64.6c 2,394cd 

Grape 67.3b 45.6b 61.9 17.9a 70.4b 3,008ba 

SEM 1.45 2.58 7.73 13.02 1.31 202.38 

ENZ effects             

- 67.5 52.1a 54.7 -20 68.3 2,677 

+ 66.5 43.9b 64.7 -30.6 70.3 3,006 

SEM 1.02 1.82 5.46 9.19 0.92 143.1 

Interactions        

-ENZ             

 Apple 72.9 27.9 37.2 -139.0c 75.8 3,308 

 Blueberry 63.9 55.3 51 20.2 a 64.6 2,346 

 Cranberry 64.1 55.4 66.9 37.0a 63.9 2,277 

 Grape 65 37.1 63.5 1.5a 68.9 2,776 

+ENZ             

 Apple 70.3 41.0 54.7 -208.8b 76.4 3,392 

 Blueberry 64.7 54.5 65.5 30.1a 67.8 2,880 

 Cranberry 65.4 58.9 78.5 22.2a 65.2 2,512 

 Grape 69.7 53.9 60.2 34.2a 71.9 3,240 

SEM 2.04 3.65 10.93 18.38 1.86 286.21 

P-Value             

Pomace 0.002 <0.001 0.119 <0.001 <0.001 0.008 

ENZ 0.479 0.002 0.198 0.422 0.129 0.109 

ENZ x Pomace  0.369 0.068 0.784 0.045 0.878 0.852 
1The ENZ preparation was added at 500g/ton and contained galactanase, protease, β-mannanase, β-

glucanase, xylanase, α-amylase and cellulase activities at 50, 200, 400, 600, 7,000, 2,500, 2,800 U/g of product, 

respectively (Superzyme EO®, Canadian Bio-systems Inc., Calgary, AB Canada). 

abcWithin a factor of analyses means with different letter superscript differ, P<0.05.
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4.4.3. Plasma metabolites 

There was interaction (P=0.04) between pomace and ENZ on plasma concentration of 

alkaline phosphatase and urea (Table 4-5). Specifically, feeding GRP with ENZ resulted in a 

higher Alkaline phosphatase than APL with ENZ or CRP without ENZ (P≤0.04). With respect 

to urea, birds fed GRP without ENZ had lower plasma concentration of urea than birds fed 

GRP with ENZ (Table 4-5). Main effect of pomace was noted (P<0.01) for plasma 

concentration of bile acid and cholesterol. The (P < 0.01) lowest concentration of cholesterol 

and bile acids was found in birds fed CRP, LBP and GRP diets compared to the birds fed with 

APL pomace. There was an interaction (P=0.008) between pomace and ENZ on plasma 

concentration of phosphorous and sodium (Table 4-5). Plasma phosphorus in birds fed APL 

with ENZ was higher than for birds fed LBP and GRP without ENZ. Whereas birds fed GRP 

without ENZ exhibited higher plasma sodium than birds fed LBP and CRP with ENZ. Birds fed 

APL, LBP and GRP had higher (P<0.05) concentration of plasma CO2 than birds fed CRP, 

however, APL birds had higher (P<0.05) concentration. Birds fed APL and GRP had higher 

plasma calcium than birds fed LBP and CRP. Birds fed CRP had lower plasma potassium 

compared with birds fed other pomaces (Table 4-5). 
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Table 4-5 Plasma metabolites in 21-day old broiler chickens fed diets with fruit pomaces without or with fiber degrading 

enzymes. 

 Item 

Total 

Protein, 

g/L 

Globulin, 

g/L 

Albumin 

to 

Globulin 

ratio 

Alkaline 

phosphatase, 

U/L 

  Bile 

acid, 

µmol/L 

 

Cholesterol, 

µmol/L 

CO2, 

µmol/L 

Cl, 

mmol/L 

Ca, 

mmol/L 

P, 

mmol/L 

Na, 

mmol/L 

K, 

mmol/L 

Pomace 

effects 
                        

Apple 23 13.1 0.77 10,676 23.4a 4.1a 23.2a 115.2 2.5a 2.1 151.3 6.3ba 

Blueberry 22.4 12.9 0.76 12,794 11.1b 2.8b 20.3b 116.3 2.2c 2.1 148.6 6.1bc 

Cranberry 22.4 13.1 0.72 12,129 15.6b 3.1b 18.2c 117.1 2.3bc 2 147.8 5.8c 

Grape 22.7 12.9 0.77 14,578 12.6b 2.9b 21.2b 117.2 2.4ba 2 150.9 6.6a 

SEM 0.5 0.41 0.04 1,840 1.98 0.14 0.57 0.66 0.05 0.06 0.63 0.13 

ENZ effects                         

- 23.1 13.5a 0.72 11,175 14.9 3.2 20.5 117.3a 2.4 2 150.2 6.1 

+ 22.2 12.5b 0.78 13,914 16.5 3.3 20.9 115.6b 2.4 2.1 149.2 6.3 

SEM 0.35 0.29 0.03 1,301 1.4 0.1 0.4 0.46 0.04 0.04 0.45 0.09 

Interactions                         

-ENZ                         

Apple 23.8 13.5 0.76 13,968bac 21.9 3.98 23 115.6 2.51 2.0ab 150.7abc 6.2 

Blueberry 22.5 13.6 0.67 10,349bc 9.87 2.75 20.5 116.5 2.25 2.2a 149.2abc 6.2 

Cranberry 22.8 13.5 0.69 9,382bc 15.6 3.23 18.3 118 2.37 2.0ab 148.5abc 5.7 

Grape 23.4 13.4 0.76 11,000bac 12.1 2.86 20.1 119.2 2.27 1.8b 152.1a 6.4 

+ENZ                         

Apple 22.3 12.6 0.77 7,384c 25 4.26 23.3 114.7 2.5 2.2a 151.8ab 6.4 

Blueberry 22.3 12.1 0.83 15,239ba 12.4 2.84 20 116.1 2.2 1.9ab 148.0bc 5.9 

Cranberry 22.1 12.8 0.74 14,876ba 15.5 2.92 18 116.2 2.3 1.9ab 147.2c 6.0 
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Grape 22 12.4 0.77 18,156a 13 3.07 22.2 115.1 2.5 2.1ab 149.7abc 6.7 

SEM 0.71 0.57 0.01 2,601 2.81 0.2 0.8 0.93 0.08 0.08 0.9 0.18 

P-value                         

Pomace 0.800 0.950 0.750 0.510 <0.01 <0.01 <0.01 0.121 0.002 0.105 0.105 <0.01 

ENZ 0.060 0.070 0.080 0.140 0.425 0.632 0.475 0.009 0.717 0.362 0.362 0.294 

ENZ*Pomace 0.78 0.92 0.35 0.04 0.935 0.459 0.339 0.199 0.292 0.008 0.008 0.247 
1The ENZ was added at 500g/ton and preparation contained galactanase, protease, β-mannanase, β-glucanase, xylanase, α-amylase and cellulase 

activities at 50, 200, 400, 600, 7,000, 2,500, 2,800 U/g of product, respectively (Superzyme EO®, Canadian Bio-systems Inc., Calgary, AB Canada). 

abcWithin a factor of analyses means with different letter superscript differ, P<0.05.
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4.5. Discussion 

The type, source and nutrient composition of feed ingredients incorporated in broiler diets have 

profound effects on the overall growth and development of the birds. The four studied pomaces 

showed differences in their chemical components: numerically lower crude protein contents in 

APL and GRP than in LBP and CRP, higher starch in APL and GRP than in LBP and CRP and 

higher crude fat and gross energy in CRP and LBP. The amino acid profile of the pomaces did not 

impact the dietary crude protein levels, and as such the contribution of the amino acids is of 

negligible nutritional importance in this study. The chemical profile APL used in our study differed 

from that of Aghili (2019) which reported significantly high levels of crude fat, and fiber; this can 

be attributed to the variety used and processing methods. Similar crude fat values with ours were 

obtained by Taranu (2018) for GRP, even though their NDF and ADF were much higher in the 

pomace they used. A higher NDF and ADF content was observed in the CRP and LBP-diets 

compared to the APL and GRP ones, relating directly to uniqueness of pomaces. Fiber plays an 

important role in poultry nutrition, with implications on feed intake, gut physiology, gut motility, 

nutrient absorption and gut microbiota (E Kiarie et al., 2014; J. Tejeda & K. Kim, 2021).  

The polyphenolic compounds showed high variability, with LBP having the highest 

concentrations of total phenolics, tartaric esters, flavonols and anthocyanins. Phenolic 

compounds have been extensively studied and shown to exhibit beneficial biological effects 

including antimicrobial, anti-inflammatory and antioxidant properties (Harrison et al., 2013). 

The differences in fruit cultivars, species, processing methods et cetera will produce pomaces 

that vary considerably in their chemical compositions which could influence their in vivo 

activities in poultry. These are areas that should be explored in future studies to standardize the 

products and optimize them for broiler production. 

Even though APL, GRP, LBP and CRP pomaces have been used sporadically in horses, 

rabbits, chicken and swine diets (Nicodemus et al., 2007; Brenes et al., 2016; Taranu et al., 2018; 

Islam et al., 2019a; Islam et al., 2020a),  there is still an interest in their use due to emerging feed 

technologies that will help in optimizing their benefits by taking advantage on their wide range 
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of nutrients and polyphenolic compounds having antimicrobial and antioxidant properties (Islam 

et al., 2020a). The fiber matrix of pomaces encapsulates poly-and oligosaccharides, and 

polyphenols that, when released by fiber degrading enzymes, would be of great benefit to broiler 

chickens (Kithama et al., 2021). In the present study, the semi-purified diets were used to 

minimize confounding effects of other dietary components on AME determination. The 

experimental period and the diets used in this study were not optimized for growth performance 

evaluation. Apple pomace birds had less feed intake relative to birds fed basal and other pomaces. 

Studies by Aghili (2019) showed that feeding APL pomace, with and without enzyme, decreased 

feed intake and reduced performance in broilers. Similar studies with APL pomace also showed 

reduced fed intake, postulated to be because of high fiber content (Heidarisafar et al., 2016).  

Energy is a property of nutrients derived from the catabolism of carbohydrates, lipids and 

protein in feed, with various feed ingredients, having different energy levels that could be used 

in diets to meet the energy requirements for broiler chickens (Kocher et al., 2003). The available 

energy content of ingredients for poultry, which determines the feed intake, could be measured 

through different methods including measurement of apparent metabolizable energy (AME) (Hill 

& Anderson, 1958). The studied four fruit pomaces varied in their AME content and retention of 

gross energy. Higher AME contents in CRP and LBP compared to APL and GRP might be 

attributable to the higher content of crude fat, neutral- and acid- detergent fiber and crude protein, 

even though APL and GRP had higher starch content. Although there are not many studies 

documenting the AME of fruit pomaces in poultry, one study showed that the GRP pomace in 

their poultry diets had an AME of 2,433 kcal/kg (Hosseini-Vashan et al., 2020). It has been 

reported that GRP pomace at 0.5%, 7.5% and 1% inclusion level had an ileal digestibility of 

gross energy of 81.73%, 79.42% and 77.08%, respectively in broiler chickens (Aditya et al., 

2018). However, feeding GRP to horses (Kolláthová et al., 2020) and ruminants (Makkar, 2003) 

showed improved digestibility of nutrients but the mechanism leading to this has not been fully 

explored. Experiments with similar enzyme admixtures used in the present study showed higher 

AME values with corn and soybean meal based diets than control diets  (Kocher et al., 2003). In 

our study, no significant effects of the ENZ used were observed on the energy and digestibility 
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values of studied pomaces. Perhaps suggesting that the ENZ used in the present study was not 

optimized for pomaces.  

Dietary fiber in poultry research is seen from a two dimensional angle; one as a functional 

component for normal physiological functions of the gut, and two as an anti-nutrient (J. Tejeda 

& K. Kim, 2021), and variability in assessing the digestibility of fiber in broiler diets is highly 

influenced by the fiber source, type, and diet formulation (Sanchez et al., 2022). Neutral detergent 

fiber is composed of the hemicellulose, cellulose and lignin component of plants, and data from 

our study shows NDF retention is variable among the four pomaces. Among the pomaces, APL 

diets with or without enzyme had negative retention values for NDF indicating increased flow of 

dietary and endogenous NDF in the excreta. The mechanism for this phenomenon is unknown 

but lower feed intake observed in birds fed APL could be a reason. In addition, the 

physicochemical characteristic of APL fiber and ensuing gastrointestinal effects could also have 

contributed. For example, broiler chickens (Thanabalan et al. 2020) fed flaxseed exhibited 

reduced retention of NDF which was associated with increased production of mucilage in the 

gut.  

The avian plasma biochemical profile is an important asset for veterinarians assisting in 

the diagnosis of diseases and conditions of commercial, pet, and wild species of birds. Fruit 

pomaces can be a significant source of components entrapped in the fiber matrix. These includes 

flavonoids, phenolic acids, and stilbenoids (Islam et al., 2020a), which exert non-specific effects 

on living organisms and regulate the activity of enzymes and cell receptors. For example, 

polyphenol-rich extracts from CRP fruits displayed potential in increasing energy efficiency, 

insulin sensitivity, and in decreasing triglyceride and cholesterol contents (Islam et al., 2020a). In 

the present study, avian biochemistry was evaluated to characterize the physiological impact of 

APL, LBP, CRP and GRP pomaces at an inclusion rate of 30%, with or without an enzymes-

mixture, in feed on various blood plasma metabolite levels. Measurement and assessment of 

chicken blood parameters does not have leveled standards and protocols, therefore different 

equipment for measurement will give varied results compared to another equipment or 

methodology (Brugere-Picoux, 2015).  
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The total protein content provides some information regarding general status; however, 

more clinically useful data are indicated by plasma albumin and globulin ratio (Brugere-Picoux  

(2015); Harr (2002)). The total protein or albumin and globulin were not affected by dietary 

pomaces however, a trend was observed for enzyme to increase total protein and globulin and 

subsequently, reduce the albumin to globulin ratio. These proteins are primarily synthesized in the 

liver and play important roles in the fat metabolism (Harr, 2002; Greenacre et al., 2008). The 

primary factors affecting albumin and globulin synthesis include protein and amino acid nutrition, 

colloidal osmotic pressure, the action of certain hormones, and disease status (Harr, 2002). Thus, 

the tendency for higher circulating plasma globulin observed in birds fed enzyme could be linked 

to increase release of nutrients in the gut.  Circulating plasma enzymes reflects damage to an organ 

or tissue particularly the liver and kidney (Rozenboim et al., 2016). Alkaline phosphatase (ALP) 

is found in bile ducts, bone, liver, intestine, placenta, and tumors (U. Sharma et al., 2014). 

Elevations of the blood alkaline phosphatase level occur with hepatobiliary disease but also during 

healing fractures, vitamin D deficiency, bone disease and malignancy (U. Sharma et al., 2014; 

Brugere-Picoux, 2015). Birds that consumed diets containing GRP pomace diets treated with 

enzymes had a significantly higher plasma ALP compared to birds fed the other pomace diets, 

with or without enzymes. Increase in plasma alkaline phosphatase has also been noted in pigs fed 

diets supplemented with phytase enzyme linked with increased bone mineralization (Kiarie et al., 

2022).  Additionally, there was non-significant differences in ALP levels between the enzyme 

treated and non-enzyme treated pomaces.  High cholesterol levels in blood are indicative of obesity 

with liver steatosis, high lipids in diet or fasting (Brugere-Picoux, 2015). With consideration of 

these underlying factors, the APL supplemented diet may be the attributable factor to the high 

cholesterol even though more studies are warranted regarding impact of APL diets on lipid 

metabolism.  

Plasma sodium, potassium and phosphorus levels were within normal range compared to 

the baseline, and there was an interaction between pomace and enzyme for sodium and phosphorus 

levels) (Brugere-Picoux  (2015); Harr (2002)). Reductions in plasma potassium could be an 

indication of  diuretic inefficiencies in birds, while an increase in its levels would indicate a case 
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of kidney disease or dehydration (Brugere-Picoux, 2015). Similar kidney disease symptoms would 

be observed in the case of increase phosphorus levels in plasma, while decreased quantities would 

lead to bone disorders (U. Sharma et al., 2014; Brugere-Picoux, 2015). Calcium concentration in 

plasma also plays a major role in bone modeling, kidney conditions and metabolism of vitamin D. 

In the present study, APL pomace-fed birds showed the highest level of plasma calcium compared 

to the other four pomaces. These observations in conjunction with ALP responses suggested 

feeding pomace with enzyme influenced mineral metabolism perhaps linked to increased release 

of bio-actives related to mineral utilization in broilers. A study on horses fed GRP pomace showed 

similar effects on plasma mineral levels (Kolláthová et al., 2020).  

In conclusion, our results showed that considering AME, the four fruit pomaces tested can 

be used in poultry rations. These high inclusion rates (30%) in the present study did not show 

adverse effects based on plasma metabolites. It should be noted that lower LBP and CRP inclusion 

rates (1 - 2%)  have been applied in broiler chicken feeding programs for a longer period (30 days) 

without notable detrimental effects (Das et al 2020). Based on comparatively higher fiber and 

polyphenolic contents of cranberry and blueberry pomaces, these two pomaces will be explored 

further to determine their effects in poultry production.  
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Chapter 5.  Growth performance, organ weight and plasma 

metabolites in broiler chickens fed corn-soybean meal diet 

containing berry pomaces, without or with multi-enzymes 

supplement 

5.1. Abstract 

In broiler production, there is increased interest of using fruit pomaces due to their bio-

actives, some of which could be encased in the fiber matrix, that could influence intestinal health 

of birds. Exogenous enzymes in broiler diets could help in breaking down of complex 

components of plant-materials. Thus, the use of enzymes and pomaces could enable the release 

of entrapped bio-actives ingredients. This study evaluated effects of feeding low-bush wild 

blueberry (LBP) and American cranberry (CRP) pomaces without or with multi-enzyme 

supplement (ENZ) on growth performance, organ weight and plasma metabolites in broiler 

chickens. A total of 3,150-day-old male Cobb500 broilers were placed in floor pens (45 

chicks/pen) and allocated to 10 diets: a basal corn-soybean meal-based diet divided into 5 test 

diets top-dressed with either bacitracin methylene disalicylate (BMD, 55mg/kg), 0.5% or 1% of 

CRP or LBP. Diets were fed without or with ENZ, creating a 5 x 2 factorial arrangement for 35-

day experiment. Body weight (BW), feed intake (FI) and mortality were recorded whereas BW 

gain (BWG) and feed conversion ratio (FCR) were calculated. Birds were sampled on days 21 

and 55 for organ weights and plasma metabolites. There were no interactions (P>0.05) between 

diet and ENZ on any parameter. There was no effect (P>0.05) of ENZ on overall (day 0-35) 

growth performance and organ weights. Birds fed BMD were heavier (P=0.002) on day 35 and 

had better overall FCR than birds bird fed berry diets. Birds fed 1%LBP had poor FCR than birds 

fed 0.5% CRP. Birds fed LBP exhibited (P=0.022) heavier liver than birds fed BMD or 1% CRP. 

Birds fed ENZ had higher (P<0.05) plasma concentration of aspartate transaminase (AST), 

creatine kinase (CK) on day 28 and gamma-glutamyl transferase (GGT) on day 35 than birds fed 

non-ENZ diets. The diet effects were such that on day 28, birds fed 0.5% LBP had higher 
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(P<0.05) plasma AST and CK on than birds fed other diets. However, birds fed CRP diets had 

lower (P<0.05) plasma CK than birds fed BMD. The lowest (P=0.024) cholesterol was detected 

in 1% CRP-fed birds relative to birds fed other diets. In conclusion, this study showed no effects 

of ENZ to potentiate effects of berry pomaces on the overall growth performance of broilers. 

However, plasma profiles revealed the potential of ENZ to modulate the metabolism of pomace-

fed broilers. Comparing the two berries, LBP increased bird weight at starter phase, while CRP 

did at the grower phase but the two berries had similar growth effects at the finisher phase. 

 

5.2. Background 

The on-going search for alternative sources of bio-active feed ingredients in livestock and 

poultry productions is gaining momentum globally. American cranberry (Vaccinium 

macrocarpon) and low-bush wild blueberry (Vaccinium angustifolium) are cultivated widely in 

Canada (Sandra Behm, 2020), and their solid waste residues, after fruit-juice making, is 

growingly being evaluated as animal feed ingredients (Quail Das et al., 2017). These residues are 

called pomace and they consist of the pericarp, seeds, and stems. Characterization of cranberry 

(CRP) and lowbush blueberry (LBP) pomaces revealed that they contained a wide assortment of 

nutrients and functional components such as carbohydrates, soluble- and insoluble-fibers, 

proteins, lipids, minerals, and phenolics such as flavonols, anthocyanins and tannins (Ross et al., 

2017; Islam et al., 2019b; Islam et al., 2020b). Despite higher content of tannins that are 

considered to be anti-nutritional factors, various studies have demonstrated their potential as 

anti-carcinogens, antibacterial, and antioxidants as well as immune-modulators (Ashok & 

Upadhyaya, 2012).  

The use of CRP and LBP in poultry production has been reported by Quail Das, Islam, 

Lepp, Tang, Yin, Mats, Liu, Ross, Kennes, and Yacini (2020); Quail Das et al. (2021) and shown 

to have important benefits with reference to poultry performance, immune-modulation, plasma 

metabolites and microbiota ecology. However, considering the variation in pomace composition, 
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in addition to their complex carbohydrates and fibers composition, there are many uncertainties 

of how these components are digested or are available to poultry (Ravindran, 2013; Aditya et al., 

2018; Hosseini-Vashan et al., 2020). The previous chapter demonstrated the defining differences 

and advantages that CRP and LBP had due to their fiber and polyphenolic components. That 

study used pomaces at 30% inclusion level for digestibility analysis but other researchers have 

used lower inclusion levels of pomace or their extracts in chicken diets (Islam et al., 2017; Islam 

et al., 2019a; Quail Das, Islam, Lepp, Tang, Yin, Mats, Liu, Ross, Kennes, Yacini, et al., 2020; 

Islam et al., 2020a). In the latter studies, ethanol extracts of CRP at 150ppm and 300ppm had 

lesser effect on immune modulation compared to 1% and 2% inclusion (Quail Das et al., 2021), 

while in the experiment by Islam et al. (2019a) the 1% inclusion level of LBP had better 

microbiota diversity and stability compared to 2% dose. What remains unknown is the optimal 

dose that the berries can be added into broiler diets hence this present study investigated a lower 

dose of 0.5% and compared with the previous studies’ 1%.  

The phasing out of antibiotics in feed for food animals is gradually taking place, with 

more farmers and consumers electing to raise and purchase poultry without antibiotics, 

respectively (LisaBean-Hodgins et al., 2021). Bacitracin methylene disalicylate (BMD) is a 

category III antibiotic in terms of its importance for treating human infection but is still used in 

North America as a an antibiotic growth promoter (AGP) due to its efficacy in improving the 

growth performance of broilers ((CFC), 2018). As the shift moves towards an antibiotic free era, 

it is important to test the alternatives such as berries against established AGPs.  

Insights from the previous chapter on the composition of berry pomaces, especially their 

fiber fraction makes for a case to investigate the potential that nutrients found in the matrix can 

be released by use of enzyme technology. Exogenous enzymes use in poultry diets have proven 

to be of great importance of increasing the nutritional value of feed, resulting in improved 

nutrients digestibility hence economical returns of poultry production operations as well as, 

better environmental health coupled with reduced loss of nutrients through excreta (Alagawany 

et al., 2018). They influence the absorption of nutrients and produce nutrients for specific 



 

 

64 

 

bacterial populations through their actions (Bedford & Cowieson, 2012; Park & Yoon, 2015), 

which…. 

We hypothesize that the use of exogenous enzymes applied to the diets will not only 

interact with other dietary components but also with pomaces and assist in breaking down of the 

complex feed structures. The objective of the study was to investigate the effects of feeding 

broilers diets containing pomace and enzyme combinations on broiler growth performance and 

plasma metabolite profile.  

5.3.  Materials and methods 

5.3.1. Birds and experimental design 

A total of 3,150 one day old male broiler Cobb 500 chicks (Agri-Marche, St. Isidore, QC, 

Canada) were placed in one barn containing 70 floor pens (45 birds/pen). The birds were 

vaccinated against Marek's disease, bronchitis, and coccidiosis at the hatchery as per industry 

practices. The room temperature was initially set at 34°C and gradually reduced by 2°C each 

week to a constant of 24°C. Chicks were exposed to light for 24 h on the 1st day, 23 h on the 

2nd, 18 h on 3rd day, and 16 h per day thereafter. All experimental procedures performed in this 

study were approved by the Animal Care Committee of the Centre de recherché en sciences 

animales de Deschambault (protocol # 1920-AV-397, CRSAD, Deschambault, QC, Canada) 

according to guidelines described by the Canadian Council on Animal Care (CCAC, 2009). 

5.3.2. Pomaces and experimental diets 

American cranberry and low-bush-wild-blueberry fruit pomaces in frozen and wet form 

were obtained from Fruit D’Or (Villeroy, QC, Canada).  The pomaces were freeze-dried, ground 

through a 2 mm mesh screen using a cutting mill (SM 2000 Retsch, Haan, Germany) and then 

shipped to Sollio Agriculture s.e.c., Montreal, QC, Canada for feed manufacture. The chemical 

composition of the pomaces was reported in the previous chapter. The multi-enzymes (ENZ) 

supplement used in this study contained cellulase (minimum 2800 CMC units/g), β-mannanase 
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(minimum 400 MAN units/g), galactanase (minimum 50 GAL units/g), xylanase (minimum 

1000 XYL units/g), β-glucanase (minimum 600 GLU units/g), amylase (minimum 2500 FAA 

units/g), and protease (minimum 200 HUT units/g) was obtained from Canadian Bio-System 

(Calgary, AB, Canada) and was included at 500 g per tonne of complete feed based on the 

supplier’s recommendation. Broilers were fed starter (0 to 14 days), grower (15 to 28 days of 

age), and finisher (29 to 35 days of age) diets formulated with wheat and corn as the principal 

cereals and soybean meal as the protein source of the basal diet to meet or exceed the nutrient 

requirements for Cobb 500 (Vantress, 2016) (Table 5-1). At the feed manufacture level the test 

diets were created by top-dressing the basal diet with either 55 ppm bacitracin methylene 

disalicylate (BMD) (Alpharma, Bridgewater, New Jersey, USA) ; 0.5% (CRP0.5) and 1% 

(CRP1) cranberry pomace; and 0.5% (LBP0.5) and 1% (LBP1) lowbush blueberry pomace. 

Each diet was then split into two portion, with one portion treated with ENZ, effectively creating 

ten treatments in a 5 x 2 factorial arrangement.  

Table 5-1 Composition of basal diets used in the study 

Ingredient (% in diet)* 
Starter (Day 0-14) Grower (Day 14-28) 

Finisher 

(Day 28-35) 

Corn 58.0 61.6 63.3 

Soybean meal 44% 10.0 15.0 20.0 

Soybean cake granules 13.1 7.4 3.9 

Corn DDGS 5.0 6.0 6.0 

Corn gluten 4.6 3.4 1.5 

Canola oil cake 4.8 2.0 - 

Limestone 1.53 1.5 1.43 

Monocalcium phosphate 1.25 1.19 1.08 

Soybean oil - 0.4 1.2 

Lysine sulfate 70% 0.43 0.39 0.34 

Sodium bicarbonate 0.36 0.27 0.28 

Salt 0.24 0.24 0.24 

Vitamins and trace minerals 

premix1 0.20 0.20 0.20 

Methionine 0.18 0.18 0.23 

Myco-curb liquid2 0.10 0.10 0.10 
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Choline liquid 75% 0.06 0.06 0.05 

Hy D premix  0.03 0.04 0.04 

Threonine 98% - 0.01 0.04 

Phytase (0.12%) 0.03 0.03 0.03 

Vitamin E 100,000 IU 0.05 0.03 0.02  

Total 100 100 100 

Calculated Provisions       

  AME, kcal/kg 2989 3086 3177 

Crude protein, % 21.0 19.3 18.1 

SID Lys  1.23 1.13 1.08 

SID Met % + Cys, % 0.90 0.84 0.83 

SID Thr, % 0.79 0.74 0.72 

SID Trp, % 0.24 0.22 0.22 

Calcium, % 1.00 0.96 0.90 

Available phosphorous, % 0.50 0.48 0.45 

Sodium, % 0.22 0.19 0.19 

Chloride, % 0.21 0.21 0.21 
*Cranberry and Blueberry pomace were top-dressed to the complete feed and experimental diets made as a coarse 

crumble for starter and pelleted form for grower and finisher. Bacitracin Methylene Disalicylate (BMD) was added in-feed at 55 

mg/kg (0.0055%) 
1Provided per kilogram of diet: vitamin A, 11,000.0 IU; vitamin D3, 4,000.0 IU; vitamin E, 40.0 IU; vitamin B12, 12.0 mg; 

vitamin K3, 3.3 mg; niacin, 50.0 mg; choline, 1,200.0 mg; folic acid, 1.0 mg; biotin, 0.22 mg; pyridoxine, 3.3 mg; thiamine, 4.0 

mg; calcium pantothenic acid, 15.0 mg; riboflavin, 8.0 mg; manganese, 70.0 mg; zinc, 70.0 mg; iron, 60.0 mg; iodine, 1.0 mg; 

copper, 10 mg; and selenium, 0.3 mg 
2Kemin, Des Moines, USA 

 

5.3.3. Experimental procedures and data collection 

Treatments were allocated to 7 replicate pens in a completely randomized design. Chicks 

had free access to feed and water. Body weight (BW), and feed intake (FI) was monitored on 

phase basis for calculation of BW gain (BWG) and feed conversion ratio (FCR). Birds were 

inspected at least twice daily for general health and mortality rates. Any mortalities or culls were 

removed, dates of removal and the bodyweights of removed animals were recorded to calculate 

mortality-corrected FCR. On days 21 and 35, 2 birds/pen were randomly selected, individually 

weighed and blood sampled via brachial vein puncture. Liver, bursa, spleen, and thymus were 
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excised and weighed. The blood samples were collected in heparin coated tubes and placed on 

ice and immediately transported to the laboratory.  

5.3.4. Sample processing laboratory analyses 

Plasma was extracted by centrifugation of the blood at 2,000 x g, at 4°C for 15 minutes, 

and 1-mL samples submitted to Animal Health Laboratory (University of Guelph, Guelph, ON, 

Canada) for blood biochemistry profile. Bone samples were collected from the left tibia of the 

necropsied birds, de-fleshed and used to determine dry matter and ash attributes as described by 

L. E. Hall et al. (2003). Briefly, after de-fleshing, the samples were weighed and then soaked 

overnight in ether to dissolve the fat, weighed again to get the weight post fat dissolution and then 

the samples were dried at 105°C in an oven (Fisher Scientific Isotemp 737F Oven) for 24hrs. 

Thereafter, the samples were weighed to determine the dry matter and then ashed at 600°C in a 

muffle furnace (Thermo Scientific™ Lindberg/Blue M™ Moldatherm™ Box Furnace). 

5.3.5. Calculations and statistical analysis 

 The organ data was expressed as g/kg BW. The corrected feed conversion ratio (FCR) was 

calculated by first taking into account the mortality gain, which is done by subtracting the weight 

of the dead bird from the total body weight of birds in the pen to get the correct value for body 

weight gain per bird. FCR is then determined by dividing the total feed intake per bird in a pen by 

the body weight gain per bird in that pen The pen was the experimental unit for statistical analyses. 

The data was subjected to General Linear Mixed Model (GLMM) procedure of SAS 9.4 (SAS, 

2016). The model had fixed effects of diet and ENZ and associated two-way interactions. A P-

value of ≤ 0.05 was used to declare significance, while a P-value of > 0.05 but < 0.08 was used to 

declare tendency. 



 

 

68 

 

5.4. Results 

5.4.1. Growth Performance, organ weight, mortality, and bone attributes 

There was no interaction (P>0.05) between diet and ENZ on BW, FI and FCR throughout 

the study (Table 5-2). Birds fed ENZ were lighter (P<0.01) on day 14 and had poorer FCR in the 

starter phase compared to birds fed non-ENZ diets. However, ENZ birds had better FCR 

(P<0.01) than birds fed non-ENZ diets in grower phase. The ENZ had no (P>0.05) effects on 

final BW (day 35), FI throughout the study and overall FCR (day 0-35).  For the main effect of 

diet, BMD birds were heavier (P<0.01) throughout the study compared to birds fed pomaces, 

regardless of ENZ inclusion. Birds fed BMD and LBP0.5 had better (P<0.01) FCR than birds fed 

CRP or LBP1 in starter phase. In grower phase, bird fed blueberry diets had poorer (P<0.01) 

FCR compared to birds fed bacitracin or cranberry diets.  Overall (day 0-35), birds fed BMD had 

superior (P<0.01) FCR compared to birds fed berry pomaces. However, among the birds fed 

berry pomaces, birds fed CRP0.5 showed better overall FCR than birds fed LBP1. There was no 

(P>0.05) diet effect on FI throughout the study and FCR in finisher phase.  

There were no (P>0.05) interactions between ENZ and diet or main effect of ENZ on 

liver and lymphoid organ (spleen, bursa, and thymus) weights (Table 5-2). Diet effect on organ 

weight was only observed for liver of birds sampled on day 21. Specifically, birds fed LBP had 

heavier (P=0.022) liver than birds fed BMD and CRP1, while birds fed CRP0.5 were 

intermediate and no different to other diets. On day 35, birds fed CRP1 and LBP1 tended 

(P=0.056) have heavier thymus than birds fed lower levels of pomaces and BMD (Table 5-2). In 

general, the birds were healthy but there was difference caused by treatment on mortalities at the 

grower phase of the chickens (P=0.03); CRP0.5-fed birds having the lowest mortality versus all 

the other treatments. Additionally, there was a tendency for significance (P = 0.054) for 

treatment on the cumulative mortality rate with BMD recording the lowest rate while CRP1 and 

LBP1 had an overall higher mortality than other treatments. There were no treatment effects 

(P>0.10) on tibia dry matter and ash contents (Table 5-3).  
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Table 5-2 Performance of birds fed pomace supplemented diets with or without enzymes 

  Enzyme1 Diet*   P - values  

Item No Yes SEM BMD CRP0.5 CRP1 LBP0.5 LBP1 SEM Enzyme Diet ENZ*Diet 

Body weight (g)/bird        

Day 0 40.6 40.8 0.12 40.9 40.9 40.8 40.5 40.4 0.18 0.452 0.254 0.366 

Day 14 486.9 469.6 2.51 493.8a 468.8c 465.8c 482.4b 480.4b 3.96 <0.01 <0.01 0.417 

Day 28 1668 1686 8.81 1750a 1680b 1687b 1639c 1629c 13.92 0.149 <0.01 0.074 

Day 35 2610 2617 11.09 2676a 2616b 2614b 2581b 2580b 17.53 0.624 0.002 0.141 

Body weight gain (g)/bird           

14 446.3 428.9 2.49 452.9a 428.0c 425.0c 441.8ba 440.0b 3.93 <0.01 <0.01 0.433 

28 1181 1217 8.19 1257 1211 1221 1157 1149 12.96 0.003 <0.01 0.019 

35 942 931 9.89 926 936 927 942 951 15.64 0.456 0.754 0.964 

Cumulative 2569 2577 11.08 2635a 2576b 2573b 2541b 2540b 17.52 0.629 0.002 0.141 

Feed Intake (g)/bird            

Day 0-14 543.7 538.9 2.64 548.1 536.1 536.1 535.7 546.1 4.17 0.203 0.135 0.473 

Day 15-28 1916 1905 12.74 1893 1899 1909 1923 1927 20.14 0.550 0.711 0.922 

Day 29-35 1497 1475 9.36 1458 1486 1494 1487 1504 14.79 0.100 0.266 0.930 

Day 0-35 3956 3918 22.01 3898 3921 3939 3950 3977 34.81 0.230 0.578 0.981 

Feed conversion ratio        

Day 0-14 1.117 1.148 0.00 1.110b 1.144a 1.151a 1.121b 1.137a 0.01 <0.01 <0.01 0.071 

Day 15-28 1.630 1.568 0.02 1.507b 1.571b 1.566b 1.671a 1.681a 0.03 <0.01 <0.01 0.109 

Day 29-35 1.594 1.587 0.02 1.578 1.591 1.617 1.582 1.587 0.03 0.770 0.863 0.867 

Day 0-35 1.541 1.521 0.01 1.480c 1.523b 1.532ba 1.556ba 1.566a 0.01 0.121 <0.01 0.349 

Organ Weight, g/kg body weight         

Liver              
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Day 21 34.8 34.5 0.44 33.3b 34.3ba 33.9b 35.9a 35.9a 0.69 0.628 0.022 0.514 

Day 35 26.5 26.6 0.32 26.5 26.5 26.5 26.9 26.2 0.50 0.704 0.912 0.592 

Spleen             

Day 21 2.6 2.7 0.08 2.6 2.5 2.8 2.5 2.7 0.13 0.210 0.594 0.959 

Day 35 1.6 1.7 0.06 1.5 1.6 1.8 1.8 1.6 0.09 0.391 0.302 0.723 

Bursa              

Day 21 3.3 3.2 0.07 3.2 3.3 3.4 3.3 3.1 0.12 0.408 0.478 0.374 

Day 35 2.0 2.0 0.04 1.9 2.1 1.9 2.1 1.9 0.07 0.485 0.056 0.327 

Thymus             

Day 21 5.5 5.2 0.17 5.1 5.3 5.5 5.4 5.3 0.28 0.250 0.885 0.587 

Day 35 4.5 4.8 0.12 4.7 4.4 4.6 4.9 4.7 0.19 0.083 0.488 0.280 

Mortality (%)            

Day 0-14 0.9 0.6 0.25 1.3 2.4 2.5 2.4 2.5 0.40 0.389 0.702 0.869 

Day 15-28 0.7 0.8 0.16 0.9bac 0.5a 1.6c 0.7ba 0.6ba 0.24 0.649 0.030 0.753 

Day 29-35 0.5 0.0 0.25 0.0 0.3 0.0 0.6 1.0 0.19 0.594 0.443 0.496 

Day 0-35 2.1 1.4 0.66 2.2 3.2 4.1 3.7 4.1 0.51 0.288 0.054 0.976 
*BMD, 55 ppm bacitracin methylene disalicylate, CRP0.5 and CRP1, cranberry pomace at 0.5% and 1% dietary inclusion level, LBP0.5 and LBP1, 

lowbush blueberry pomace at 0.5% and 1% dietary inclusion level  
1The enzyme preparation contained galactanase, protease, mannanase, glucanase, xylanase, amylase and cellulase activities at 50, 200, 400, 600, 7,000, 

2,500, 2,800 U/g of product, respectively (Superzyme EO®, Canadian Bio-systems Inc., Calgary, AB Canada). 
abc Data represent means ± SEM of 7 replicates/treatment (n = 7 pens of at least 45 chickens/pen) arranged in a complete randomized block design. P-

value was obtained by ANOVA. Different superscripted capital letters within a row indicate significant differences at P ≤ 0.05. 
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Table 5-3 Bone profile of birds fed pomace supplemented diets with or without enzymes 

  Enzyme1 Treatments*   P - values 

Item No Yes SEM BMD CRP0.5 CRP1 LBP0.5 LBP1 SEM Enzyme Treat 

Dry Matter 

% 
34.7 33.9 0.52 34.8 33.8 33.5 34.9 34.6 0.82 0.253 0.653 

Ash % 43.2 43.6 0.57 42.5 44.0 44.1 43.1 43.3 0.89 0.548 0.699 
*BMD, 55 ppm bacitracin methylene disalicylate, CRP0.5 and CRP1, cranberry pomace at 0.5% and 1% 

dietary inclusion level, LBP0.5 and LBP1, lowbush blueberry pomace at 0.5% and 1% dietary inclusion level  
1The enzyme preparation contained galactanase, protease, mannanase, glucanase, xylanase, amylase and 

cellulase activities at 50, 200, 400, 600, 7,000, 2,500, 2,800 U/g of product, respectively (Superzyme EO®, 

Canadian Bio-systems Inc., Calgary, AB Canada). 
abc Data represent means ± SEM of 7 replicates/treatment (n = 7 pens of at least 45 chickens/pen) arranged 

in a complete randomized block design. P-value was obtained by ANOVA. Different superscripted capital letters 

within a row indicate significant differences at P ≤ 0.05. 

 

5.4.2. Plasma metabolites profile 

The plasma biochemical profile at the two sampling days of day 21 and day 35 are 

presented in Table 5-4 and for this we screened 12 out of the 25 plasma components that had 

statistical significance. At day 21, both ENZ and diets showed differences for plasma AST level; 

birds on ENZ-treated diets had higher AST concentration, and for treatment effects, highest 

concentration was found in LBP0.5 (0.26  ± 13.41 kU/L) and lowest in CRP1 (0.19 ± 13.41 

kU/L). The AST level for LBP0.5 was higher than the reference value. Significant multi-

enzymes and dietary treatments effects were also noted for creatine kinase (CK), whose values 

were higher than the reference range, and greater for the ENZ-fed (8.19 ±1.02 kU/L) and LBP0.5 

(12.63 ±1.61 kU/L) fed birds compared to the remaining treatment groups. A tendency for the 

multi-enzymes effect (P =0.077) was observed for LDH, with ENZ-fed birds having a higher 

concentration. Differences occasioned by treatment were observed for day 21 LDH, with the 

highest concentrations in the LBP0.5-fed  (1.29 ± 0.11 kU/L) and LBP1-fed (1.03 ±0.11 kU/L) 

birds. Similarly, for day 35 LDH, treatment effects were noted, with BMD (2.7 ± 0.16 kU/L) at 

the highest concentration, higher than the reference range, and LBP0.5 (1.7 ± 0.16 kU/L) and 

LBP1 (1.6 ± 0.16 kU/L) at the lowest. The use of the multi-enzymes significantly increased the 

GGT levels (15.2 ± 0.50 U/L) compared to no-ENZ (13.5 ± 0.50 U/L). 
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Chloride levels in the blood plasma (Table 5-4) were influenced by the pomaces at day 21, 

with CRP1 (108.3 ± 1.92 mmol/L) at lowest concentration and LBP1 (116.0 ± 1.92 mmol/L) at 

highest concentration.  

As shown on table 5-4, the use of the studied multi-enzymes significantly increased the 

plasma total protein concentration (25.72 ± 0.43 g/L) compared to the no-ENZ group (24.5 ± 

0.43 g/L), even these concentrations were lower than the reference values. Globulin fraction at 

day 21 showed a tendency to be influenced by enzymes (P= 0.079). In terms of lipid metabolites, 

the lowest cholesterol concentration was found with CRP1-fed (2.9 ± 0.10 mmol/L) birds and the 

highest in LBP1-fed birds (3.4 ± 0.10 mmol/L). 

For the other studied metabolites, day 21 reflected differences on enzyme effects for carbon 

dioxide (Table 5-4) (ENZ = 23.7 ± 0.49 mmol/L ; no-ENZ = 22.2 ± 0.49 mmol/L) while at day 35, 

uric acid concentration tended to be influenced by dietary treatments regardless of the multi-

enzymes use (P =0.064). 
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Table 5-4 Plasma profile of birds fed pomace supplemented diets with or without enzymes 

Age  Categories  Metabolites Reference Enzyme1 Treatments*   P - values   

  
  values No Yes SEM BMD CRP0.5 CRP1 LBP0.5 LBP1 SEM Enzyme Diet 

ENZ*

Diet 

 

Plasma 

enzyme 

(kU/L) AST 0.09-0.21 

 

 

0.20 

 

 

0.22 

 

 

0.01 

 

 

0.20bc 

 

 

0.20bc 

 

 

0.19c 

 

 

0.26a 

 

 

0.21b 

 

 

0.01 

 

 

0.044 

 

 

0.003 

 

 

0.065 

  CK 1.0-4.0 5.30 8.19 1.02 5.68b 4.99c 4.03c 12.63a 6.41b 1.6 0.046 0.002 0.141 

  LDH 0.73-2.05 0.93 1.1 0.01 0.88bc 0.95b 0.91b 1.29a 1.03a 0.11 0.077 0.044 0.126 

Day 

21 

Minerals 

(mmol/L) Chloride 105-118 
111.7 112.1 1.21 112.0ba 113.2ba 108.3b 110.0ba 

116.0
a 

1.92 0.794 0.051 0.250 

 

Proteins 

(g/L) 

Total 

Protein 30-60 
24.5 25.7 0.43 25.6 25.7 24.7 24.4 25.3 0.69 0.053 0.614 0.694 

  Globulin 6-30 14.3 15 0.27 14.7 15 14.6 14.4 14.6 0.43 0.079 0.901 0.908 

 

Lipids 

(mmol/L) Cholesterol 2.2-3.4 
3.2 3.2 0.06 3.3a 3.2a 2.9b 3.2a 3.4a 0.1 0.418 0.024 0.111 

 

Metabolite

s 

(mmol/L) CO2 NA 

22.2 23.7 0.49 23.2 22.5 21.9 22.7 24.5 0.78 0.041 0.195 0.126 

    
           

 

Day 

35 

Plasma 

enzyme 

(U/L) GGT 9--22 

13.5 15.2 0.5 14.8 15.1 13.2 14.1 14.6 0.8 0.016 0.489 0.313 

 (kU/L) LDH 0.73-2.05 1.99 2.2 0.41 2.69a 2.10ba 2.42a 1.68b 1.60b 0.17 0.36 0.009 0.154 

 

Minerals 

(mmol/L) Phosphorus NA 
2.3 2.2 0.03 2.2 2.3 2.3 2.2 2.2 0.05 0.445 0.055 0.958 
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Metabolite

s 

(mmol/L) Uric Acid 200-650 

417.4 401.1 14.94 360.6 458.3 403.2 423.5 400.6 23.63 0.444 0.064 0.980 

1The enzyme preparation contained galactanase, protease, mannanase, glucanase, xylanase, amylase and cellulase activities at 50, 200, 400, 600, 7,000, 

2,500, 2,800 U/g of product, respectively (Superzyme EO®, Canadian Bio-systems Inc., Calgary, AB Canada). 
abc Means in the same row with different superscripts have significant differences (P<0.05) while means with the same superscript letter are not 

significantly different 

*BMD (55 ppm bacitracin methylene disalicylate), CRP0.5 (cranberry pomace at 0.5% dietary inclusion level), CRP1 (cranberry pomace dietary at 1% 

inclusion level), LBP0.5 (blueberry pomace at 0.5% dietary inclusion level) and LBP1 (blueberry pomace at 1% dietary inclusion level) 

AST (aspartate transaminase), CK (creatine kinase), LDH (lactate dehydrogenease), CO2 (carbon dioxide), GGT (gamma-glutamyl transferase) 

Data represent means ± standard error of mean (SEM) (n = 7) . P-value were obtained by ANOVA. 
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5.5. Discussion 

The increased usage of non-conventional feedstuffs in broiler diets like fruit pomaces for 

example, which contain high levels of dietary fibers and polyphenols, highlights the importance 

of incorporating additives such as exogenous enzymes but in an optimized supplementation 

regimen to assist in the breakdown of the complex fiber matrices (Slominski, 2011). The use of a 

combination of these two products (pomaces and enzymes) in our study evaluated the 

physiological plasma biochemical profiles, broiler performance indicators and bone attributes. 

Apart from taking advantage of the bio-actives provided to the birds, their use would be 

important for the development of alternatives to antibiotics especially to organic broiler 

producers or poultry raised without antibiotics (Islam et al., 2019b). Previous studies have 

demonstrated a significant role that enzymes play in improving growth performance and feed 

intake of broilers. (Kocher et al., 2003; Slominski, 2011; Ravindran, 2013; Kithama et al., 2021). 

Part of the positive influence of previously reported enzymes is exerted by the degradation of the 

cell-wall matrix of plants to release nutrients (Ravindran, 2013), even though in this experiment 

the addition of a mixture of multi-enzymes to berry pomace supplemented diets did not improve 

the BW of birds in the grower and finisher phases. We hypothesize that enzyme addition to the 

experimental diets did not release significant quantities of nutrients and bio-active compounds to 

cause a significant improvement in performance or that the enzyme supplement was not optimal 

for the pomace ingredients. Further studies into pomace pre-treatment with enzymes before feed 

manufacture might provide different results.  

Increased liver weights for birds fed diets with LBP at the grower phase is indicative of 

hyperplasia of the parenchyma or bile ducts (Akaichi et al., 2022) especially if this increase is not 

concomitant with high body weights when compared to BMD group of birds. Dietary factors 

contribute to changes in metabolism in the liver, and the higher tannins concentration in LBP 

compared to CRP (Diaconeasa et al., 2015) could be a contributing factor to a metabolic disorder 

since high tannin content in broiler diets tend to depress growth (Vilariño et al., 2009). Moreover, 

cranberry and blueberry diets at either of the two inclusion levels did not outperform the antibiotic 

diet despite the near-equivalent performance numbers and therefore, in spite of legislation calling 
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for their ban, antibiotics continue to prove superior to other feed additives in improving the 

performance of birds (Hays & agriculture, 1985; Roth et al., 2019). The mechanism of action of 

antibiotic growth promoters is not fully understood but it is thought that at sub-therapeutic levels, 

they work by reducing harmful gut bacteria, which may reduce performance and cause sub-clinical 

infection. Additionally, they function by reducing production of growth-suppressing toxins or 

metabolites and reduction of microbial de-conjugation of bile acids hence more lipids are available 

to the bird. They also lead to increased nutrient availability due to reduced flora, and efficient 

absorption of nutrients due to a thinner gut epithelium (Visek, 1978; Dibner & Richards, 2005). 

The action of the pomaces, specifically LBP, in modulating  gut microbiota has been reported to 

decrease populations of Enterobacteriaceae and Salmonella spp. in broiler gut, while increasing 

the population of Lactobacillus, Bacteroides, and Bifidobacterium spp (Islam et al., 2019b; Islam 

et al., 2020b). The aforementioned effect on gut bacteria could be the reason for the comparable 

results of LBP0.5 with BMD noticed in this study. The effects of traditional antimicrobials and 

their alternative products on host metabolisms deserve more investigation. 

Studying blood biochemical-parameters of broilers and other birds; both domestic and wild 

alike, is vital to understanding their health/production status despite the technical challenges 

manifested in getting a standardized reference/values (well-established in the medical field) for 

such blood parameters (Greenacre et al., 2008).  In the present study we used reference values for 

healthy broilers established by Brugere-Picoux (2015) and we were able to demonstrate that 

cranberry and blueberry pomace did have an impact in influencing plasma metabolites, as 

discussed below. Aspartate aminotransferase (AST) is an enzyme produced mainly by the liver 

but can also be found in other tissues such as muscles and in physiological processes of protein 

breakdown and urea cycling. A high AST level in blood could be an indicator of liver damage, 

breast myopathies, heart problems or pancreatitis (Kuttappan et al., 2013). At day 21, the tested 

enzymes mixture in feed increased the plasma AST levels, and when compared to the reference 

value, LBP0.5 had higher levels beyond the normal range. LBP naturally has higher tannin content 

compared to CRP, and this could result in metabolic disorders in the liver, hence its increase in 

weight, but it is worthy to note that more research is needed to understand why the LBP0.5 dose 
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fared worse than LBP1. Additionally, with AST’s involvement in protein/amino acid metabolism 

and urea cycle it may explain the numerically high uric acid levels observed in day 35 birds of the 

same LBP0.5. This is taken note of even as other studies as discussed in the second chapter of this 

thesis have shown that feeding pomaces also creates a spike in plasma uric acid which could be 

beneficial to the body when it is momentary, as is the case with increased creatine kinase.  

Creatine kinase is expressed by various tissues and cell types to catalyze the conversion of 

creatine and uses adenosine triphosphate (ATP) to create phosphocreatine (PCr) and adenosine 

diphosphate (ADP) (Kuttappan et al., 2013; Brugere-Picoux, 2015). Creatine kinase in blood has 

been considered as an indirect marker of skeletal muscle damage, particularly for diagnosis of 

medical conditions such as myocardial infarction, muscular dystrophy, and cerebral diseases and 

due to its specificity for skeletal muscles; it has also been used to distinguish whether increased 

concentrations of AST are from liver or muscle damage (Kuttappan et al., 2013). Birds in our 

experiment exhibited elevated levels of CK compared to reference values. Skeletal muscle damage 

would lead to protein breakdown and elevated CK and uric acid levels as demonstrated by Dong 

et al. (2015), and this is consistent with our study with regard to LBP0.5. Interestingly, CRP1-fed 

birds had lower levels of CK compared to other diets, which might indicate that this pomace might 

be able to mitigate inflammatory reactions that cause myocyte damage.   

High levels of gamma-glutamyl transferase (GGT) in the blood could indicate increased 

liver metabolism due to growth, liver disease or damage to the bile ducts (Brugere-Picoux, 2015; 

Dong et al., 2015). At day 35, the range of values for GGT in all the treatments was within normal  

(Brugere-Picoux, 2015) but the significant increase of the values due to exogenous enzymes may 

indicate the impact of enzymes in positively influencing growth and metabolism especially of 

broilers fed high fiber diets as reported by Thanabalan et al. (2021). Lactate Dehydrogenase (LDH) 

is an enzyme found in birds’ tissues where it plays an important role in energy metabolism and an 

increase of blood LDH level could indicate tissues damage (Brugere-Picoux, 2015). In the present 

study, the observation made was that LDH was markedly increased at the early growing phases of 

the bird in LBP-treated diets and this scenario flipped when birds were mature to show significant 
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LDH increments in BMD and CRP diets and a decrease in LBP-diets, a phenomenon difficult to 

explain at present. 

Pomaces seemed to substantially influence blood chloride levels as both increased (LBP1) 

and decreased (CRP1) chloride levels were observed at 21 days of age possibly reflecting the 

complexity of the composition of berry pomaces.  We hypothesize that the early introduction of 

berry-pomaces within bird’s diet (before the digestive function and gut-microbiota matures) could 

influence the physiological needs of the birds hence their chloride-ions demands required to 

produce gastric hydrochloric acid to achieve effective feed-digestion. On the other hand, the 

inclusion of the exogenous enzymes apparently stabilized chloride-ions concentrations in the blood 

reflecting a lower demand on this ion usage within the body of involved birds in response to the 

same diet (Walker & Jost, 1967; Chih et al., 2018).  

Total protein and globulin are indicators of states of malnutrition, nephritis, parasitism or 

hemorrhagic syndrome depending on their decrease or increase in plasma. Based on published 

reference values for chicken plasma by Brugere-Picoux (2015), the range of values for total protein 

and globulin in our study lay within a normal range and is consistent with studies by Islam et al., 

(2019), and the ENZ-treated birds had a higher total protein level compared to no-enzyme group. 

Increase in total protein beyond normal ranges would be an indication of greater whole-body 

protein turnover or a symptom of dehydration or chronic infection, while a decrease would mean 

that there is a decline in albumin concentration (Brugere-Picoux, 2015).  

A significant influence for cranberry pomace in reducing blood cholesterol at the 1% 

supplementation level early in the rearing period was observed. This results is similar to one by 

Islam et al. (2020b), Aditya et al. (2018) and Iannaccone et al. (2019) where cranberry pomace, 

grape pomace and olive pomace respectively had an impact of reducing cholesterol levels in 

chickens, attributable to their anthocyanin content, tannic acid (Starčević et al., 2015) and fiber 

fraction (H. S. Liu et al., 2020). Cholesterol is an important precursor for steroid hormones and 

bile acids, but high serum or plasma levels in broilers have been associated with excess lipids in 

the diet, obesity and steatosis (Kuttappan et al., 2013; Brugere-Picoux, 2015). 
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The effect of blueberry pomaces on increasing blood uric acid levels is interesting as has 

been explained above regarding the differential crude protein content of cranberry and blueberry 

pomace and the plasma AST levels observed in LBP0.5-treated birds. Nonetheless, an increase in 

uric acid levels has been reported in the past to be positively correlated with blood’s antioxidant 

capacity (Boban & Modun, 2010). While a continuous elevation of blood uric acid levels is 

unhealthy, a short-term occasional spike (day 35) is a strong reflector for the ability of LBP0.5 to 

influence blood antioxidant capacity in a positive fashion. Similar observations for the ability of 

plant phenolics/red-grape wines to enhance blood uric acid levels (hence its antioxidant capacity) 

shortly after consumption (40 minutes) were reported in the past (Boban & Modun, 2010; 

Godycki-Cwirko et al., 2010).  

The significance of exogenous enzymes’ ability to affect the levels of total carbon dioxide 

in blood was reported and the blood analyses result on bicarbonate/chloride-ions concentrations in 

the plasma of pomace-fed birds showed the simultaneous and concurrent increase/decrease of CO2 

levels in parallel to the chloride-ions concentrations changes. We hypothesize that cranberry 

pomace (pH 2.7) consumption, increases or maintains the acidity in the gizzard hence spiking 

hydrogen ions (H+) concentrations during the digestive process. This excessive increase of 

hydrogen ions triggers on its turn a feedback loop that increases the demand for the chloride ions 

(as H+ seek the thermodynamics stability) which are derived from blood stream to the gizzard. At 

the same time, the activity of carbonic anhydrase is inhibited hence the generation of bicarbonate 

decreases in in blood. The addition of digestive-enzymes accelerates the digestion and -emptying 

process in the gizzard hence restoring chloride/CO2 levels. A better understanding of the 

mechanisms of this would need further studies. 

This study demonstrated that pomaces have significant importance in impacting plasma 

metabolites including the cranberry effect in lowering cholesterol levels of broilers, and thus 

future studies should aim to establish the specific mechanisms of this effect. The changing 

circumstance for antibiotic withdrawals in broilers as growth promoters and this study’s 

performance based on the pomaces make for an argument to optimize pomace usage possibly 

starting with blueberry first in the starter phase and then shift to cranberry at the grower-finisher 
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stage for best outcomes. Moreover, with AGP withdrawals in feed, the use of these pomace 

alternatives could be impactful to organic broiler producers and raised-without antibiotics broiler 

producers, and it would be prudent to study the microflora changes in the gut when berries 

replace AGPs. 
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Chapter 6.  Effects of cranberry and blueberry pomace without or 

with a multi enzyme supplement on cecal microbiota and cecal 

Escherichia coli antimicrobial resistance profile  

6.1. Abstract 

Dietary interventions that can act as alternatives to antibiotics are continually being 

researched on as global trends move towards a total ban on the use of antibiotics in animal feed. 

This chapter investigates the effects of American cranberry and low bush wild blueberry on the 

cecal microbial population and the antimicrobial resistance profile of Escherichia coli. The 

experimental diets were created by top-dressing basal diet with either 55 ppm bacitracin 

methylene disalicylate (BMD); 0.5% (CRP0.5) and 1% (CRP1) cranberry pomace; and 0.5% 

(LBP0.5) and 1% (LBP1) lowbush blueberry pomace. Each diet was then split into two portions, 

with one portion treated with commercial exogenous enzymes. Results showed that bacterial 

coliform counts reduced in CRP0.5-fed birds compared to BMD. Use of enzyme significantly 

increased the abundance of Proteobacteria (P = 0.009) while Bacteroidetes abundance was 

increased (P = 0.0065) due to CRP and LBP. At day 35 of age, the enzyme mixture in feed 

decreased the Firmicutes population (P = 0.053) while the lowest Bacteroidetes population sizes 

were noted in 1% blueberry pomace and bacitracin fed birds (P = 0.054). Bacteroides population 

showed increases (P = 0.002) in LBP1 group and Bacillus population in CRP0.5 group (P = 

0.015). Enzyme mixture in diets also increased the Bacillus and Streptococcus abundances (P = 

0.054; P = 0.030 respectively). At day 21, the levels of resistance to these antibiotics were 

significantly less in LBP-fed birds compared to other groups (P < 0.05), while bacitracin-treated 

group showed the highest prevalence (81%) of resistance to tetracycline. The overall resistance 

levels increased from 21 to 35 day of age with the highest and lowest level of resistance to 

ampicillin being observed in bacitracin and CRP fed-birds, respectively (P < 0.05). These results 
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showed the potential of berry pomaces to modulate gut microbes and antimicrobial resistance 

profile in broiler. 

 

6.2. Background 

Microbiota studies have been done for many years, with progressive improvement in the 

techniques used for identifying different taxonomic units. Both culture dependent and culture-

independent techniques are still in use today even though less than 20% of gastrointestinal 

bacteria have been cultured due to the fact that most bacteria are fastidious and their growing 

environments both in vivo and in vitro are unknown (Roth et al., 2019). These two tools (culture- 

dependent and –independent) have nonetheless assisted researchers into gaining insights into the 

microbial ecology of humans and animals in general and chickens in particular. 

Microbiota populations vary in chickens due to various factors such age, diet, housing, 

environmental conditions et cetera, and diet plays one of the major roles in influencing these 

population dynamics (Roth et al., 2019). All factors constant though, extensive research has 

proven that three or four phyla of bacteria predominate the chicken gut from the embryonic stage 

to adult age: Firmicutes, Bacteroidetes, Proteobacteria and Actinobacteria (Akinyemi et al., 

2020). These bacteria are dynamic from one region of the intestine to another, playing specific 

individual roles that make each region of the gut to stand out as an eco-system of its own (Van 

Der Wielen et al., 2002). The role played by gut microbiota varies according to the species that 

reside in different locations but different bacteria species are involved in various functions such 

as nutrient exchange, immunomodulation, competitive exclusion of pathogenic bacteria and 

physiological modification of the gut especially in chicks (Oakley et al., 2014).  

Antibiotic growth promoters (AGPs) play a role in modulation of the gut microbiota 

having been used for decades to improve the growth performance of broilers but their misuse has 

created a challenge in the spread of antimicrobial resistant genes in bacterial populations (Poole 

& Sheffield, 2013). Commensal bacteria in the gut such as E. coli can acquire antimicrobial 
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resistant genes from other bacterial species leading to disease in both humans and animals 

(PHAC, 2016). 

Diet is thought of as one of the most important influences on the gut microbiota, with 

different diets and dietary interventions being used by broiler producers to improve the growth of 

chickens and prevent enteric pathogens (Pan & Yu, 2014). Feed additives and/or ingredients 

such as fruit pomaces and exogenous enzymes are some of the products that have been utilized in 

broiler diets and shown to have marked advantages in improving broiler growth, modulation of 

gut bacteria and as bacteriostatic (Meng et al., 2005; Slominski et al., 2006; Juskiewicz et al., 

2016; Islam et al., 2017; Quail Das, Islam, Lepp, Tang, Yin, Mats, Liu, Ross, Kennes, Yacini, et 

al., 2020; Islam et al., 2020a).  

This study hypothesized that dietary inventions using berry pomaces and enzymes will 

modulate gut microflora and antimicrobial resistance profile of E. coli and it aimed at evaluating 

the effect of cranberry and blueberry pomace, and exogenous feed enzymes on these parameters. 

6.3. Material and Methods 

The experimental design and experimental diets are as described in chapter 4. 

6.3.1. Sample collection 

Ceca of two birds per pen (total 140 birds) were collected at two separate sampling points 

(d 21 and d 35). Intact ceca for genomic16S rRNA sequencing and E. coli antimicrobial 

resistance (AMR) profile were collected after dissection. Samples were stored at -80°C until 

processing. 

6.3.2. Sample processing 

Cecal total genomic DNA extraction was done according to DNeasy® PowerSoil® 

(Qiagen, Venlo, Netherlands) protocols. Briefly, 0.25 g of cecal digesta sample was added to the 

PowerBead Tube, 800 ul solution C1 added, vortexed for 5 seconds and then secured to a 

Powerlyzer 24 homogenizer for 90 seconds repeated twice. The homogenate was then 
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centrifuged at 15,000 x g for 60 s, with the resultant supernatant transferred to a clean collection 

tube. Downstream, there is addition of solutions C2 and C3 to precipitate non-DNA organic and 

inorganic material, C4 to bind DNA, but not non-DNA organic and inorganic material that may 

still be present at low levels, C5 to further clean the DNA that is bound to the silica filter 

membrane and C6, a sterile elution buffer, to release the DNA from the silica membrane. Upon 

completion, the quality of the DNA is assessed using spectrophotometry, by using Nanodrop 

2000 (Thermo Scientific™). The DNA is then stored frozen at –20°C before downward 

application of 16S sequencing. 

Bacterial enumeration: Cecal samples for bacterial culture were processed according to 

methods described by (Taggar et al., 2018). Briefly, 1g of each cecal sample was mixed in 4mL 

of 0.85% saline and vortexing to ensure homogeneity. Serial dilutions (1:10) of the mixture was 

done up to 10-5 (5 dilutions) after which 100 μL of each dilution was spread on MacConkey Agar 

(MCA) plates. The plates were incubated at 37oC for 18-24 hours upon which the colonies on 

each plate were counted on a colony counter (Reichert Darkfield Quebec colony counter, 

ThermoFisher Scientific). The bacterial numbers were reported in CFU/mL and the values log 

transformed for statistical analysis. Five pink single pure colonies from MCA were picked and 

sub-cultured on Chromocult agar (CCA) at 37oC for 18-24 hours and used to prepare a glycerol 

stock of E. coli for later use in antibiotic sensitivity testing (AST). 

Antibiotic susceptibility test: This study investigated the effects of in-feed cranberry (CP) and 

blueberry (BP) pomace alone or in combination with enzyme on AMR phenotypes of E. coli. A 

total of 420 E. coli (3/samples; 15/treatment) were isolated from cecal samples at days 21 and 35 

on Chromocult Coliform Agar. Their susceptibility to 14 antibiotics (AST) was determined by a 

Sensititre system (ARIS 2X System, ThermoFisher Scientific). The following 14 antimicrobial 

agents were included in the test panel: amoxicillin–clavulanic acid, ampicillin, ceftiofur, 

ceftriaxone, cefoxitin, chloramphenicol, ciprofloxacin, gentamicin, azithromycin, nalidixic acid, 

streptomycin, sulfisoxazole, tetracycline, and trimethoprim-sulfamethoxazole. The minimal 

inhibitory concentrations (MICs) were interpreted according to the breakpoints of the Clinical 
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Laboratory Standards Institute and the Canadian Integrated Program for Antimicrobial 

Resistance Surveillance (Rehman et al., 2021).  

 

6.3.3. Data processing 

Sequencing libraries of the 16S rRNA gene were prepared according to the Illumina 16S 

Metagenomic Sequencing Library Preparation Guide. Briefly, primers Bakt_341F (5′-

CCTACGGGNGGCWGCAG-3′) and Bakt_805R (5′-GACTACHVGGGTATCTAATCC-3′) 

containing 5′ Illumina overhang adapter sequences (5’ 

TCGTCGGCAGCGTCAGATGTGTATAAGAGACAG and 5’ 

TCTCGTGGGCTCGGAGATGTGTATAAGAGACAG, respectively) were used to amplify an 

~537 bp fragment of the 16S rRNA V3-4 region. Each reaction containing 12.5 ng template 

DNA, 200 nM each primer and 1× KAPA HiFi HotStart ReadyMix (VWR, #CA89125-040) in a 

25 μL volume was amplified using the following cycling conditions: 95 °C for 3 min, 25 cycles 

of 95 °C for 30 s, 55 °C for 30 s and 72 °C for 30 s, followed by 72 °C for 5 min. PCR products 

were purified with Ampure XP beads (Beckman Coulter, #A63881) and sequencing adapters 

containing 8-bp indices were added to the 3’ and 5’ ends by PCR using the Nextera XT Set A 

and D Index kits (Illumina, #FC-131-2001 and #FC-131-2004) in a 50 μL reaction containing 5 

μL PCR amplicon, 5 μL each indexing primer and 25 μL 2x KAPA HiFi HotStart ReadyMix 

using the following cycling conditions: 95°C for 3 min, 8 cycles of 95°C for 30 s, 55°C for 30 s 

and 72°C for 30 s, followed by 72°C for 5 min. Following purification with Ampure XP beads, 

the amplicons were quantified using the Quant-iT PicoGreen double-stranded DNA assay 

(Invitrogen, #P7589), and pooled at equimolar ratios to a final concentration of 8 pM, combined 

with 10% equimolar PhiX DNA (Illumina, #FC1103001), and sequenced on a MiSeq instrument 

using the MiSeq 600-cycle v3 kit (Illumina, #MS1023003). 

Microbiota diversity analysis was performed with QIIME 2 (qiime2-2020.11) (Bolyen et 

al., 2019).  Briefly, 300 bp paired-end reads were processed with DADA2 (Callahan et al., 2016) 

to denoise reads, remove chimeric sequences and singletons, join paired-ends and de-replicate 

sequences to produce unique amplicon sequence variants (ASVs). Taxonomic classification was 
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performed with VSEARCH (Rognes et al., 2016) and the Greengenes 99% OTU sequences 

(McDonald et al., 2012) as reference.  ASVs were discarded if they had fewer than 10 instances 

across all samples, were present in fewer than two samples, or were not assigned taxonomy at the 

phylum level. Multiple sequence alignment of ASV representative sequences was performed 

with MAFFT (Katoh et al., 2009) and a rooted phylogenetic tree constructed with FastTree (M. 

N. Price et al., 2009).  Core diversity analysis was performed using a sampling depth of 7,000 

sequences to plot taxonomic relative abundances, calculate alpha-diversity metrics and generate 

dissimilarity matrices based on Bray-Curtis, Jaccard, and UniFrac distances, which were used for 

principal coordinate (PCoA) analyses (Dabdoub et al., 2016). Differential abundance testing was 

performed with ANCOM to identify taxa with significantly different relative abundances 

between treatment groups (Mandal et al., 2015).   

The coliform enumeration and microbial abundance data were also subjected to General 

Linear Mixed Model (GLMM) procedure of SAS 9.4 (SAS, 2016). The model had fixed effects 

of diet and ENZ and associated two-way interactions. A P-value of ≤ 0.05 was used to declare 

significance, while a P-value of > 0.05 but < 0.08 was used to declare tendency. 

6.4. Results 

6.4.1. Bacterial culture and enumeration 

Culture and enumeration of coliforms revealed ENZ and treatment interactions (P=0.054) 

in increasing day 21 coliform numbers of LBP-fed chickens, while treatment effects were 

significant (P=0.003) on day 35, with coliform counts reduced in CRP0.5-fed birds (Table 6-1). 

In that same period, ENZ differences were seen (P=0.005) wherein the coliform numbers were 

reduced in birds that were fed with ENZ-treated diets.  

6.4.2. 16SrRNA gene Sequencing 

Five bacterial phyla (Firmicutes, Bacteroidetes, Actinobacteria, Proteobacteria, 

Tenericutes and Cyanobacteria) were detected with Firmicutes the most predominant phylum 



 

 

87 

 

(Table 6-2). At day 21, an effect of interaction between enzyme and treatments was observed in 

the case of Tenericutes (P=0.037), increasing the abundance in CRP0.5+ENZ treatment 

(compared to no-ENZ-CRP0.5) and decreasing the abundance in LBP1+ENZ. Application of the 

feed enzyme significantly increased the abundance of Proteobacteria (P = 0.009) while 

Bacteroidetes abundance was increased (P = 0.0065) due to both berries. At day 35 of age, the 

enzyme mixture in feed decreased the Firmicutes population (P = 0.053) while the lowest 

Bacteroidetes population sizes were noted in 1% blueberry pomace and bacitracin fed birds (P = 

0.054).  

Of the 22 detected bacterial family (Table 6-3), Ruminococcaceae, Lactobacillaceae, 

Lachnospiraceae, Erysipelotrichaceae, Bacteroidaceae, Bacillaceae, Clostridiaceae, 

Coriobacteriaceae, Mogibacteriaceae, and c were among the most abundant. Age differences 

(day 21 vs day 35) were observed on several family including Lactobacillaceae, 

Lachnospiraceae, Erysipelotrichaceae, Clostridiaceae and Coriobacteriaceae (P < 0.05). At day 

21, an ENZ and treatment interaction effect was noted for Bacillaceae population, the ENZ 

increasing the abundance for all treatment except CRP1. A similar interaction effect was 

observed for day 35 Clostridiaceae, their abundance increasing in BMD-, CCRP0.5- and CRP1-

treated birds and reducing their population in LBP0.5- and LBP1-treated birds. The enzyme 

mixture in feed significantly increased the day 21 populations of Bacillaceae  (P= 0.054), 

Enterobacteriaceae (P= 0.009) and reduced that of Dehalobacteriaceae (P= 0.006). A general 

trend in day 35 was the effect of enzyme treated diets in reducing (P < 0.05) the microbial 

populations (Ruminococcaceae, Lachnospiraceae, o__Clostridiales_unknown_f_, 

Erysipelotrichaceae, Mogibacteriaceae, Turicibacteraceae, Christensenellaceae and 

Eubacteriaceae) as shown in table 6-2. 

Genus level on day 21 revealed (Table 6-4) ENZ and treatment interaction effects that 

saw increased populations of Bacillus and Anaerotruncus (P = 0.030; P = 0.015 respectively) in 

CRP0.5-fed birds, while treatment effects were significant to increase the Bacteroides population 

(P = 0.002) in LBP1 group and Bacillus population in CRP0.5 group (P = 0.015). Enzyme 

mixture in diets also increased the Bacillus and Streptococcus abundances (P = 0.054; P = 0.030 
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respectively). As the chickens grew older, day 35 data showed that ENZ in diets reduced the 

populations (P< 0.05) of Coprococcus, Dorea, RuminococcusG and Ruminococcus, while 

increasing the abundances of Oscillospira, Coprobacillus, Turicibacter and Anaerofustis. Figures 

6-4 and 6-5 show the relative abundance of microbiota taxa in the ceca, with Firmicutes being 

the principal microorganism, as is also visualized in figure 6-7.  

 

6.4.2.1. Species richness and diversity in the ceca 

Alpha diversity indices by way of Chao1 (P = 0.97), Simpson and Shannon (P = 0.07) 

metrics did show that there were no significant differences in the evenness and richness of 

microbiota in the ceca (figures 6-1, 6-2 and 6-3 respectively). This is despite the tendency for 

increased richness in ceca microbiota from CRP0.5 treated birds. Beta diversity as calculated 

using Permanova for weighted unifrac group significance demonstrated differences in microbiota 

among the treatments (P = 0.03), of LBP1 to BMD (P = 0.04) and BMD to LBP1(P = 0.01) 

(figure 6-6) 

 

6.4.3. Antibiotic sensitivity testing of Escherichia coli 

In total, 380 E. coli were isolated from day 21 and day 35 E. coli and screened for their 

susceptibility to 14 antimicrobial agents. Results of AST in E. coli isolated from ceca of day 21 

birds revealed a high prevalence of antimicrobial resistance to streptomycin (65%) and 

tetracycline (72%) in CRP treated birds. In the No enzyme group, E. coli from bacitracin-treated 

group showed the highest prevalence (81%) of resistance to tetracycline (Figure 6-8), while E. 

coli from CRP1–treated group were the only ones resistant to chloramphenicol, an observation 

noted also in CRP-enzyme treated group in D35 birds (Figure 6-11), in addition to resistance to 

streptomycin. LBP kept resistance levels low for tetracycline, ampicillin and gentamicin, in the 

no-enzyme group (Figure 6-8)  while enzyme-treated group showed increased levels of 

resistance to tetracycline, streptomycin and gentamicin (Figure 6-9). Still on day 21, E. coli from 



 

 

89 

 

enzyme-LBP treated birds had 2 isolates resistant to more than 9 antibiotics (Figure 6-13), while 

bacitracin treated birds had E. coli isolates that were resistant to more than 7 antibiotics. In the 

no-enzyme group, no E. coli were resistant to more than 5 antibiotics (Figure 6-12), and this 

shows an enzyme effect in influencing the number of E. coli isolates resistant to more antibiotics 

in the early stages of the birds’ life. At day 35, the no-enzyme treated group of LBP0.5 (Figure 

6-14) had 40 E. coli isolates being resistant to 3 antibiotics compared to 28 isolates in the 

enzyme treated group. This observation also shows enzyme effects in more mature birds in 

decreasing the number of multiple antibiotic resistant E. coli isolates. In both ENZ-and No-ENZ 

groups, E. coli from LBP0.5 treatment showed more isolates resistant to more than 3 antibiotics.
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Table 6-1 Log10 coliform numbers per gram of ceca samples from broiler chickens fed experimental diets 

  No Enzyme Yes Enzyme   P - value   

  BMD LBP0.5 LBP1 CRP0.5 CRP1 BMD LBP0.5 LBP1 CRP0.5 CRP1 SEM ENZ Treat ENZ*Treat 

Day 21 1.90 0.60 0.56 1.61 1.38 1.52 1.67 1.81 1.44 1.57 0.336 0.067 0.378 0.054 

Day 35 2.38 2.71 2.62 1.86 2.38 2.24 1.76 2.22 1.27 2.33 0.234 0.005 0.003 0.287 

*BMD (55 ppm bacitracin methylene disalicylate), CRP0.5 (cranberry pomace at 0.5% dietary inclusion level), CRP1 (cranberry pomace dietary at 1% 

inclusion level), LBP0.5 (blueberry pomace at 0.5% dietary inclusion level) and LBP1 (blueberry pomace at 1% dietary inclusion level) 

 

Table 6-2 Abundance of bacterial phyla in ceca of broiler chickens fed berry pomaces 

Age 

Phylum 

Enzyme1   Treatments*   P - value 

    No Yes SEM BMD CRP0.5 CRP1 LBP0.5 LBP1 SEM Enzyme Treat ENZ*Treat 

Day 21 

Firmicutes 24619 25414 1690.64 26468 26020 21735 22789 28073 2672.76 0.740 0.418 0.309 

Bacteroidetes 515.5 610.1 75.37 309.1 595.8 586.8 465.3 856.9 119.15 0.377 0.022 0.998 

Actinobacteria 78.6 56.2 11.83 101.7 39.1 54.4 54.1 87.6 18.70 0.183 0.102 0.790 

Proteobacteria 96.3 214.3 31.26 150.6 192.8 146.8 164.5 121.9 49.42 0.009 0.892 0.967 

Tenericutes 67.0 68.3 16.25 80.4 86.8 61.8 22.7 86.8 25.69 0.955 0.362 0.037 

Cyanobacteria 2.2 0.0 1.53 0.0 0.0 0.0 0.0 5.6 2.42 0.304 0.359 0.359 
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Day 35 

Firmicutes 22581 19375 1159 20795 21390 20903 23535 18268 1833 0.053 0.385 0.773 

Bacteroidetes 504.6 452.6 53.5 405.9 671.5 477.6 435.4 402.5 84.59 0.270 0.054 0.886 

Actinobacteria 32.2 30.3 5.5 39.9 25.2 24.3 41.0 25.8 8.62 0.809 0.434 0.546 

Proteobacteria 166.6 134.9 68.2 59.4 309.5 217.8 112.9 54.3 107.90 0.743 0.385 0.468 

Tenericutes 57.2 38.6 8.9 53.0 69.3 33.7 52.6 31.1 14.00 0.140 0.288 0.899 

Cyanobacteria 2.8 3.4 1.7 3.1 0.0 5.9 3.5 3.0 2.63 0.781 0.640 0.703 
 *BMD (55 ppm bacitracin methylene disalicylate), CRP0.5 (cranberry pomace at 0.5% dietary inclusion level), CRP1 (cranberry pomace dietary at 1% 

inclusion level), LBP0.5 (blueberry pomace at 0.5% dietary inclusion level) and LBP1 (blueberry pomace at 1% dietary inclusion level) 
abc Means in the same row with different superscripts have significant differences (P<0.05) while means with the same superscript letter are not 

significantly different 

 

 

Table 6-3 Abundance of bacterial family in ceca of broiler chickens fed berry pomaces 

Age Family Enzyme1   Treatments*   P - values 

    No Yes SEM BMD CRP0.5 CRP1 LBP0.5 LBP1 SEM Enzyme Treat ENZ*Treat 

Day 

21 

Lactobacillaceae 4054 4702 646.70 3598 4719 2832 4832 5910 811.07 0.373 0.076 0.660 

Bacteroidaceae 515.5 610.1 75.37 309.1 595.8 586.8 465.3 856.9 119.15 0.377 0.022 0.998 

Bacillaceae 52.0 122.0 25.39 52.9 208.4 35.2 36.3 102.2 40.14 0.054 0.015 0.030 

Enterobacteriaceae 96.3 214.3 31.26 150.6 192.8 146.8 164.5 121.9 49.42 0.009 0.892 0.967 

Dehalobacteriaceae 46.8 18.8 7.10 25.5 40.3 35.5 28.7 34.0 11.22 0.006 0.898 0.839 

 
   

          

Ruminococcaceae 7397 5935.76 432.90 7152 7099 6366 7456 5258 684.48 0.019 0.162 0.778 
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Day 

35 

Lachnospiraceae 6597 5134 316.20 5945 5845 6201 6376 4961 499.96 0.001 0.315 0.751 

Erysipelotrichaceae 1404 1099 83.56 1189 1272 1330 1377 1090 132.13 0.011 0.561 0.553 

o_Clostridiales 294.7 202.9 28.49 233.3 255.3 252.2 284.2 219.1 45.04 0.024 0.878 0.938 

Clostridiaceae 413.5 406.1 38.08 310.9 473.5 432.5 515.8 316.1 60.20 0.891 0.056 0.974 

Mogibacteriaceae 33.2 17.5 4.74 30.8 19.4 30.1 25.1 21.3 7.49 0.021 0.759 0.154 

Turicibacteraceae 38.6 8.0 6.42 11.9 20.5 7.8 39.2 37.0 10.15 0.001 0.100 0.037 

Christensenellaceae 0.0 0.9 0.37 0.8 0.5 0.0 0.0 0.9 0.59 0.095 0.706 0.706 

Eubacteriaceae 9.3 4.9 1.52 5.2 8.9 9.2 9.3 2.9 2.41 0.044 0.218 0.655 
*BMD (55 ppm bacitracin methylene disalicylate), CRP0.5 (cranberry pomace at 0.5% dietary inclusion level), CRP1 (cranberry pomace dietary at 1% 

inclusion level), LBP0.5 (blueberry pomace at 0.5% dietary inclusion level) and LBP1 (blueberry pomace at 1% dietary inclusion level) 
abc Means in the same row with different superscripts have significant differences (P<0.05) while means with the same superscript letter are not 

significantly different 

  

Table 6-4 Abundance of bacterial genus in ceca of broiler chickens fed berry pomaces 

Age   Enzyme1   Treatments*   P - values 

  Genus No Yes SEM BMD CRP0.5 CRP1 LBP0.5 LBP1 SEM Enzyme Treat ENZ*Treat 

Day 21 

Bacteroides 515.5 610.1 75.37 309.1 595.8 586.8 465.3 856.9 119.15 0.377 0.022 0.998 

Bacillus 52.0 122.0 25.39 52.9 208.4 35.2 36.3 102.2 40.14 0.054 0.015 0.030 

Lactobacillus 4054 4702 513.04 3598 4719 2832 4832 5910 811.07 0.373 0.076 0.660 

Streptococcus  131.3 421.2 93.35 306.9 156.6 188.8 325.3 403.6 147.59 0.030 0.752 0.744 

Faecalibacterium  2775 3042 261.73 3209 3475 3015 2131 2711 413.77 0.472 0.200 0.073 

Anaerotruncus  9.5 11.1 4.84 5.5 22.7 3.4 0.0 19.8 7.65 0.815 0.138 0.015 

  
  

          

Day 35 Clostridium  246.0 273.9 29.07 171.2 342.7 293.9 350.3 141.6 45.96 0.499 0.002 0.909 
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Coprococcus  408.6 245.1 29.43 302.4 326.8 377.0 339.7 288.4 46.53 0.000 0.700 0.805 

Dorea  351.7 279.7 25.52 347.9 303.9 324.2 341.8 260.6 40.35 0.048 0.552 0.975 

RuminococcusG  2235.6 1699.9 105.20 2052.8 1944.0 2139.5 2014.5 1687.9 166.34 0.001 0.377 0.663 

Oscillospira  710.0 527.9 53.30 660.8 774.8 553.3 641.5 464.4 84.27 0.017 0.110 0.995 

Ruminococcus  969.9 751.9 63.33 996.6 822.0 824.2 973.7 688.0 100.13 0.016 0.180 0.566 

Coprobacillus  350.3 247.8 29.59 289.9 318.0 315.3 308.1 264.0 46.78 0.016 0.921 0.977 

Turicibacter  38.6 8.0 6.42 11.9 20.5 7.8 39.2 37.0 10.15 0.001 0.100 0.037 

Anaerofustis  9.3 4.9 1.52 5.2 8.9 9.2 9.3 2.9 2.41 0.044 0.218 0.655 
 *BMD (55 ppm bacitracin methylene disalicylate), CRP0.5 (cranberry pomace at 0.5% dietary inclusion level), CRP1 (cranberry pomace dietary at 1% 

inclusion level), LBP0.5 (blueberry pomace at 0.5% dietary inclusion level) and LBP1 (blueberry pomace at 1% dietary inclusion level) 
abc Means in the same row with different superscripts have significant differences (P<0.05) while means with the same superscript letter are not 

significantly different
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Figure 6-1 Chao1 alpha diversity of chicken ceca between treatment groups. Pairwise statistical tests 

(Kruskal-Wallis) (P= 0.97) 

 

Figure 6-2. Simpson alpha diversity of chicken ceca between treatment groups. Pairwise statistical tests 

(Kruskal-Wallis) (P= 0.07) 
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 Figure 6-3. Shannon alpha diversity of chicken ceca between treatment groups. Pairwise statistical tests 

(Kruskal-Wallis) (P= 0.07) 

 

 Figure 6-4. Relative abundance of microbiota at the phylum level in the ceca of broilers fed berry pomaces 
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 Figure 6-5. Relative abundance of microbiota at the genus level in the ceca of broilers fed berry pomaces 
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Figure 6-6. Beta diversity between treatment groups using pairwise statistical tests (PERMANOVA). 

*Indicates statistical significance between treatment.  

 

Figure 6-7. Abundance level of microbiota at the phylum level in ceca of birds fed berry pomaces 
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Figure 6-8. Resistance level of 190 E. coli isolates from the ceca of 21-day old broiler fed berry 

pomaces alone 

 

 

Figure 6-9. Resistance level of 190 E. coli isolates from the ceca of 21-day old broiler fed berry pomaces in 

combination with a multi-enzyme supplement 
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Figure 6-10. Resistance level of 190 E. coli isolates from the ceca of 35-day old broiler fed berry pomaces 

alone. 

 

0.00
10.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00
90.00

100.00

AMOCLA AMPICI CEFOXI GENTAM STREPT TETRA TRISUL

A
n

ti
b

io
ti

c 
re

si
st

an
ce

  (
%

)

ANTIBIOTICS

Day 35 - Prevalence of E. coli AMR (no-ENZ)

BMD CRP0.5 CRP1 LBP0.5 LBP1

0.00
10.00
20.00
30.00
40.00
50.00
60.00
70.00
80.00
90.00

AMOCLA AMPICI CEFOXI GENTAM STREPT TETRA TRISUL

A
n

ti
b

io
ti

c 
re

si
st

an
ce

  (
%

)

ANTIBIOTIC

Day 35 - Prevalence of E. coli AMR (plus-ENZ)

BMD CRP0.5 CRP1 LBP0.5 LBP1



 

 

100 

 

 

Figure 6-11. Resistance level of 190 E. coli isolates from the ceca of 35-day old broiler fed berry pomaces in 

combination with multi-enzyme supplement 

 

Figure 6-12. Resistance spectrum of 190 E. coli isolates from the ceca of 21-day old broiler fed berry pomaces 

 

Figure 6-13. Resistance spectrum of 190 E. coli isolates from the ceca of 21-day old broiler fed berry pomaces 

in combination with a multi-enzyme supplement 
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Figure 6-14. Resistance spectrum of 190 E. coli isolates from the ceca of 35-day old broiler fed berry pomaces 

alone 

 

Figure 6-15.  Resistance spectrum of 190 E. coli isolates from the ceca of 35-day old broiler fed berry 

pomace in combination with a multi-enzyme supplement 
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6.5. Discussion 

The use of by-products of fruit juice making process such as extracts, and pomaces is 

widely researched in human health subjects and is gaining traction in animal health studies. This 

is due to the phytochemical composition of these products and the benefit they effect in the gut. 

This study investigated the impacts of providing broilers with diets supplemented with American 

cranberry and low-bush wild blueberry, without or with exogenous feed enzymes, on the gut 

microbiota and antimicrobial resistance profile of E. coli. 

Increased cecal coliform counts from diets supplemented with ENZ and LBP and a 

reduction in coliforms with ENZ-supplemented CRP0.5 diets demonstrates the different effects 

that these products have on microbial populations. Islam et al. (2019a) showed that broilers 

whose diets were supplemented with wild blueberry and control groups had no difference in 

gram-negative bacteria numbers. These results differ from ours probably due to the effect that 

feed enzymes have on microbial dynamics through the breakdown of fiber fractions that become 

accessible to cecal and colonic bacteria (J. Tejeda & K. Kim, 2021). Research investigating the 

effects of acacia fiber on gut colonization in mice showed that fiber fractions in diets had an 

effect of reducing E. coli colonization by acting as prebiotics via colicin M and the non-

pathogenic E. coli inhibit colonization of gut by pathogenic E. coli (Maeusli et al., 2022). When 

enzymes are used in feed as in our study, we postulate that the breakdown of fiber could result in 

an increase in pathogenic bacteria as the fiber and metabolites become food source for the 

pathogenic microorganisms. 

Culture-independent characterization of these cecal microbiota showed that in all 

treatments more than 95% of the bacteria were from the Firmicutes phylum and >1% from 

Bacteroidetes. Extensive work by Wei et al. (2013) in chickens has detailed that Firmicutes, 

Bacteroidetes, and Proteobacteria are the most predominant bacteria found in the gut. In our study, 

we observed that blueberry pomace significantly increased the abundance of Bacteroidtes, and to 

an extent Firmicutes, and what is known is that these bacteria important in influencing the 

recycling of nitrogen through uric acid to produce essential amino acids and digestion of non-

starch polysaccharides to produce short chain fatty acids (Józefiak et al., 2004). Age effects are 
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apparent in that whilst LBP modulated Bacteroidetes population in the grower phase, it is CRP0.5 

that takes lead in the finisher phases to maintain relative higher numbers of this bacterial phylum. 

At the family level, effect of LBP1 in modulating the population of Lactobacillaceae is very 

apparent, including the genus Lactobaccillus, and this is attributable to the tannin concentrations 

in blueberry pomaces. Tannins have an effect of chelating iron, which creates unfavorable 

conditions for other bacteria but not for Lactobacillus (Quail Das, Islam, Lepp, Tang, Yin, Mats, 

Liu, Ross, Kennes, & Yacini, 2020). Additionally, these bacteria possess β-glucosidase enzyme 

that is able to metabolize the phenolic anthocyanins in blueberry into metabolites such as p-

coumaric acid and benzoic acid that can be utilized by the bacteria (Islam et al., 2019a). Other 

bacterial genus such Faecalibacterium, Rumminococcus and Coprobacillus were abundant in the 

cecal contents of birds fed cranberry products, though not statistically significant but their presence 

is important as these bacteria also aid in competitive exclusion of pathogenic bacteria from the gut 

and act as anti-inflammatory bacteria, for example F. prausnitzii (Miquel et al., 2013). 

The presence of Proteobacteria was <1% and this phylum is important due to the gram-

negative bacterial genus that it contains, including E. coli, which is a resident normal flora in the 

chicken gut but causes severe disease when those that possess virulent gene become extra-

intestinal. It is noteworthy that berry products, in the early phases had less prevalence of resistant 

E. coli to antibiotics such as ampicillin, gentamicin, streptomycin and tetracycline, and more 

importantly cranberry showed no resistance to third generation cephalosporins unlike bacitracin. 

This is significant since E. coli is used as a the bacteria to monitor selective antibiotic pressure 

effects in human and animal populations (PHAC, 2016). Antibiotic resistance rates in E. coli  have 

very much remained the same in North America due to the slow rates of banning the use of 

antibiotics compared to the European Union, and only resistance to Streptomycin was reduced 

between 2000 and 2015 (Rothrock et al., 2016). The mechanisms of cranberry and blueberry 

products as antimicrobials is associated with its proanthocyanin, anthocyanin and various 

oligomers that function as bacterial-antiadhesives (Côté et al., 2010). However, as the bird ages, 

the study found that there was an increase resistant E. coli to berry pomaces and the mechanisms 

for this need more investigation. Since anti-adhesion properties are not bactericidal but membrane 
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disruptive properties are, continuous use of the berry products could be postulated as a reason for 

the berry products having more E. coli resistant profiles in later ages of the birds (Quail Das et al., 

2017). 

Multi-drug resistance (MDR) of bacteria in broiler production is of great concern to animal 

and human health alike (Mehdi et al., 2018). E. coli isolates resistant to multiple drugs in this study 

were apparent across all the treatments but the enzyme supplemented diets in grower phase 

revealed isolates that were resistant to more than five antibiotics especially in BMD and with about 

two isolates in LBP diets resistant to ten antibiotics. The interaction of enzyme and blueberry 

pomace to cause this increased MDR in some E. coli isolates needs further investigation, especially 

because principally exogenous enzymes have greater influence on diets and the latter influence 

microbiota population dynamics. 

In conclusion, berry products have shown their impact in positively modulating the gut 

microbiota of broilers when compared to established antibiotics, especially in the early life of 

broilers when pathogenic bacteria have far-reaching consequences in terms of mortalities, 

morbidities and economic losses. Profound too are the E. coli antibiotic resistance profiles that 

have shown the importance of berries in acting as alternatives to antibiotics in the formative days 

of broilers. There remain unanswered questions into the age-related decreases in efficacies of 

berries to prevent E. coli antibiotic resistance and the interaction of blueberry and feed enzymes 

that reveal a few isolates of E. coli that have MDR. With this study’s results on the benefits accrued 

by berries on cecal microbiota and antimicrobial resistance profiles it is prudent to put broilers 

through a pathogen challenge to assess their immune-competence, gut ecology and performance 

when fed the same pomaces. 
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Chapter 7.  Efficacy of cranberry and blueberry pomace in feed on 

production performance, intestinal lesions and microbiota in 

broilers challenged with Eimeria spp. 

7.1. Abstract 

Avian coccidiosis is caused by several distinct Eimeria species affecting different 

intestinal sites causing inefficient nutrient absorption, decreased growth rate and increased 

mortality resulting in enormous economic losses to the poultry industry worldwide. This study 

evaluated effects of exogenous enzymes addition to a diet supplemented with organic cranberry 

(CRP) and low bush wild blueberry (LBP) pomaces alone or in combination (CRP+LBP) on 

performance, intestinal integrity and cecal microbiota in a broiler chicken Eimeria challenge 

model.  A total of 480 d old male broiler (Ross 708) chicks were randomly placed into 24 floor 

pens (20 chicks/pen), in two separate blocks. Pens were allocated to six treatments (n=8) 

including an unchallenged negative control (NC) fed basal diet; a positive control (PC) fed basal 

diet; basal diets supplemented with 0.5% each of CRP or LBP alone or in combination (0.5% 

CRP+0.5% LBP) and basal diet supplemented with salinomycin (SAL) all with Eimeria 

challenge. All diets contained a commercial multi-enzyme supplement (0.05%) and all 

challenged groups were gavaged on day 14 with 10 times the dose of live oocysts of a 

commercial vaccine (mixture of E. acervulina , E. maxima, E. necatrix, E. tenella and E. 

brunetti). Growth performance was measured at d14, 28 and 42. At d21, 2 birds/pen were 

necropsied for intestinal lesions scores and ceca samples collected for 16S rRNA sequencing. 

Severity of lesion scores (0 - 4) showed that Eimeria acervulina had a significantly low 

incidence in NC birds (P=0.003) with a prevalence of 87.5% in score severity of 0 while CRP, 

LBP and CRP+LBP had 25%, 25% and 18.75% prevalence of severity score of 2. There were no 

treatment effects on growth performance except for grower feed intake wherein Salinomycin and 

CRP+LBP had lower feed intake (P=0.007) and finisher with CRP0.5 also recording lower feed 

intake (P=0.030) versus all other treatment groups. The 16S rRNA sequencing and analysis 
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revealed no significant differences in microbiota populations at the phylum level (P>0.05). In 

the family and genus level, Clostridiaceae and Clostridium showed tendencies for significance 

(P=0.06) with PC birds having lower populations of this bacterium compared to birds assigned 

other treatments. In conclusion, berry pomaces did not produce better results compared to 

salinomycin in mitigating Eimeria infection and more studies are required to solidify their 

potential as alternatives to antimicrobials. 

 

 

7.2. Background 

Coccidiosis is an enteric disease of poultry cause by Eimeria species of Apicomplexa 

protozoa, whose economic loss in poultry industry globally is CAD $ 20.15 billion annually 

(Blake et al., 2020). Additionally, coccidiosis is one of the main predisposing factors to infection 

of the bird by Clostridium perfringens that causes necrotic enteritis (Gaghan et al., 2022). In 

broilers, five species of Eimeria infect the birds and these are E. acervulina, E. maxima, E. 

necatrix,  E. tenella  and E. brunetti, and their pathological sign is the destruction of the 

epithelial cells of the host intestines, leading to reduced nutrient uptake, growth and productivity 

(Gaghan et al., 2022). 

In a bid to control the infection and spread of Eimeria spp., various strategies have been 

employed such as: good husbandry practices at the farm, use of coccidiocidal and coccidiostats 

drugs like salinomycin and monensin, use of live attenuated vaccines, fungal extracts, plant 

extracts, essential oils and antioxidants (Quiroz-Castañeda & Dantán-González, 2015). The use 

of live attenuated vaccine to challenge birds with coccidiosis infection has been studied by other 

researchers and shown to be an effective model to study alternatives to antimicrobials (Lee et al., 

2020). American cranberry and low-bush wild blueberry pomaces are such plant products that 

have been shown to have antimicrobial properties and potentials to reduce oocyst shedding in 

broilers infected with Eimeria spp (Q. Das et al., 2021). Feed enzymes in the previous studies of 
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this thesis have demonstrated their potential to impact gut microbiota and plasma metabolites 

through their action on pomace containing diets. The metabolites accrued from the breakdown of 

non-starch polysaccharides in berry pomaces have important benefits to the host and the host 

microbes (Meng et al., 2005; Islam et al., 2019b). 

Previous chapters in this thesis and other studies have used blueberry and cranberry 

pomaces as single entities, demonstrating their various advantages and disadvantages in 

modulating gut health and performance of broilers. What is unknown is whether a blend of the 

two pomaces would lead to their having potentiating effects in the bird. This study aimed to 

investigate the effect of cranberry and blueberry pomaces and their combination on intestinal 

integrity, growth performance and cecal microbiota when broilers are challenged with Eimeria 

spp.  

7.3. Materials and Methods 

7.3.1. Birds and Experimental design 

One experimental trial with two blocks was conducted.  In each block, 480-day old male 

broiler chicks (Ross 708) were allocated to 24 identical floor pens (20 chicks/pen) based on body 

weight at the Arkell poultry facility of the University of Guelph (n= 960 birds for the two 

blocks). Birds were fed starter (day 0 to 14), grower (day 14 to 28) and finisher (day 28 to 42) all 

vegetarian diets formulated to meet the nutritional requirement for Ross 708 (R.-. Aviagen, 

2019). The diets consisted of a corn- and soybean meal-based basal Control diet, the basal diet 

supplemented with salinomycin (60 ppm), and three basal diets containing 0.5% of cranberry 

pomace (CRP), blueberry (LBP) alone or their combination (0.5% CRP + 0.5% LBP), 

respectively. All diets contained a mixture of multi exogenous enzymes (0.05%). The control 

group was split into two, one vaccinated and the other non-vaccinated, creating a total of six 

groups. Each of the six treatment was applied to four pens randomly (4 rep/treatment, n= 80 

birds/treatment).  
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Table 7-1 Composition of basal experimental diet, as fed basis 

Ingredient Name Starter* Grower* Finisher* 

Corn                             42.88 45.52 49.92 

Soybean meal 46%                 38.75 35.29 30.24 

Wheat                              10 10 10 

Soy oil                           3.62 4.85 5.75 

Limestone fine                    1.56 1.4 1.24 

Monocalcium phosphate             1.17 1.04 1 

Poultry VT Premix1                 1 1 0.99 

DL-Methionine-99%                  0.34 0.29 0.27 

L-Lysine HCL                     0.27 0.27 0.27 

Sodium 

chloride                               
0.26 0.21 0.21 

L-Threonine -98%                 0.14 0.1 0.09 

Sodium Bicarbonate              0.02 0.03 0.03 

    

Calculated Provisions    

  AME, kcal/kg 3000 3100 3,200 

  Crude protein, % 23.00 21.50 19.50 

 SID Lys 1.28 1.15 1.03 

  SID Met % + Cys, % 0.95 0.86 0.79 

  SID Thr, % 0.86 0.77 0.69 

  Calcium, % 0.96 0.87 0.79 

  Available P, % 0.48 0.44 0.40 
*Salinomycin sodium added at 60mg/kg (0.006%) in the specific medicated diet, Multi-enzyme supplement added at 0.05% in all 

the complete diets, CRP (cranberry), LBP (low-bush wild blueberry) or their combination added to respective diets at 5g/kg 

(0.5%) 
1Provided per kilogram of diet: vitamin A, 8,800.0 IU; vitamin D3, 3,300.0 IU; vitamin E, 40.0 IU; vitamin B12, 12.0 mg; vitamin 

K3, 3.3 mg; niacin, 50.0 mg; choline, 1,200.0 mg; folic acid, 1.0 mg; biotin, 0.22 mg; pyridoxine, 3.3 mg; thiamine, 4.0 mg; 

calcium pantothenic acid, 15.0 mg; riboflavin, 8.0 mg; manganese, 70.0 mg; zinc, 70.0 mg; iron, 60.0 mg; iodine, 1.0 mg; copper, 

10 mg; and selenium, 0.3 mg.  

 

7.4. Sample collection  

At day 14 of age, birds from 5 treatment groups (a positive control, salinomycin, CRP, 

LBP and CRP+LBP) received by gavage 10 doses of Immucox® 5 (Ceva Animal Health, LLC, 
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Lenexa, KS, USA), which is a live oral coccidiosis vaccine containing sporulated oocysts of E. 

acervulina (duodenum), E. maxima (jejunum), E. necatrix (ileum), E. tenella (cecum) and E. 

brunetti (colon) to induce coccidiosis lesions on the intestine. The sixth group were not 

challenged but were gavaged with 1ml saline as a negative control to evaluate the success of the 

challenge. Growth performance parameters were estimated at day 14, 28 and 42 of age. At day 

21, two birds/pen (8 birds/treatments) were necropsied for intestinal lesions scores and cecal 

samples were collected for microbiota analysis by 16S rRNA sequencing. These trials were 

approved by the University of Guelph Animal Ethics Committee (Protocol #: 4403) according to 

the Canadian Council of Animals Care guidelines (CCAC, 2009).  

7.4.1. Sample Processing 

Cecal sample processing for microbiota analysis is as described in Chapter 5. Lesion 

scoring was done on a five point region of the intestines based on the predilection site of Eimeria 

spp. according to Joyner (1978) and Barta (2001). The scores themselves are on a four point 

scale from zero to four (0 - 4), zero having no lesions to severe lesions for score number four, 

depending on the Eimeria  species.  (J. Johnson & Reid, 1970) 

7.4.2. Data processing 

Data were analyzed using the GLMM procedure of SAS to evaluate the fixed effects of 

treatments and the random effects of block and age on the various dependent variables. Means 

were separated by Tukey’s post hoc test.  Counts and frequencies of Eimeria lesion scores were 

analyzed using Proc Freq procedures of SAS (SAS, 2016). Level of significance was set at P ≤ 

0.05 whilst a tendency for significance was set at P= 0.08. 

7.5. Results 

Lesion scores were done according to the species of Eimeria and the anatomical region 

they reside in in the gut. A score of 0 meant there were no lesions in the regions, a score of 1 

denoted a maximum number of 5 lesions per cm2 and a score of  2 denoted more than 5 lesions 
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per cm2 but were not coalescent. A score of 3 shows lesions that are numerous enough to cause 

coalescence while a score of 4 shows completely coalescent lesions with thickened epithelia and 

numerous blood clots. 

Duodenum: Eimeria acervulina had a significantly lower incidence in NC birds 

(P=0.003) with a prevalence of 87.5% in score severity of 0. CRP, LBP and CRP+LBP had 

above 25%, 25% and 18.75% severity score of 2 while the PC had the highest prevalence of 

lesion score 2 at 43.5% (Figure 7-2). 

Jejunum: E. maxima showed no differences for severity of lesion scores with all 

treatments recording above 80% in prevalence of zero severity (Figure 7-3). 

Ileum: Despite not having statistical significance, LBP had a 100% prevalence of zero 

severity for E.necatrix, similar to NC treatments, while Salinomycin, CRP and CRP+LBP had 

similar prevalence of lesion severity of 1 at 6.25% (Figure 7-4). 

Ceca: E.tenella was severe to a lesion score of 2 in the PC treatments but this was not 

statistically significant (P=0.1213) compared to the other five treatments (Figure 7-5). 

Colon: LBP treatment showed a significant difference in having a zero prevalence of 

lesions due to E. brunetti unlike CRP+LBP which had a 37.5% prevalence of score 1 and PC 

with a 6,25% prevalence of score 2 severity. 

In terms of growth performance, there were clear differences between the two blocks on 

day 0, day 14 and day 28 body weight and body weight gain, with the second block recording 

higher weights (P=0.002) (Table 7-1). There were no treatment effects for growth performance 

except for day 28 feed intake wherein Salinomycin and CRP+LBP had lower feed intake 

(P=0.007) and day 42 with CRP0.5 also recording lower feed intake (P=0.030) compared to all 

other treatments. Feed conversion ratio was better in block 1 for the starter and grower period but 

the second block had day 42 feed conversion ratio.   

The 16S rRNA sequencing and analysis revealed no significant differences in microbiota 

populations at the phylum level (P>0.05) (Table 7-2 and Figure 7-7). In the family and genus 

level, Clostridiaceae and Clostridium showed tendencies for significance (P=0.06) with PC 

birds having lower populations of this bacterium compared to birds assigned other treatments 
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(Tables 7-3, 7-4 respectively, Figure 7-8). Numerically there were greater numbers of bacteria in 

the genus Ruminococcus, Bifidobacterium, Lactobacillus and Faecalibacterium in all treatments 

compared to bacteria of other genus. 

Alpha diversity indices by way of Chao1 (P = 0.57) and Shannon (P = 0.52) metrics 

showed that there were no significant differences in the evenness and richness of microbiota in 

the ceca (Figures 7-10 and 7-11 respectively). Beta diversity as established using Permanova for 

weighted unifrac group significance revealed differences in microbiota between treatments (P = 

0.03), with salinomycin treated birds different from all groups including CRP+LBP as shown in 

figure  7-9. 

 

 

 
Figure 7-1. Prevalence of lesion scores in the duodenum in birds 

*CRP (cranberry), LBP (low-bush wild blueberry) or their combination added to respective diets at 5g/kg (0.5%); NC (negative 

control, unvaccinated); PC (positive control, vaccinated) 
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Figure 7-2. Prevalence of lesion scores in the jejunum in birds 

*CRP (cranberry), LBP (low-bush wild blueberry) or their combination added to respective diets at 5g/kg (0.5%); NC (negative 

control, unvaccinated); PC (positive control, vaccinated) 

 

 
Figure 7-3. Prevalence of lesion scores in the ileum in birds 

*CRP (cranberry), LBP (low-bush wild blueberry) or their combination added to respective diets at 5g/kg (0.5%); NC (negative 

control, unvaccinated); PC (positive control, vaccinated) 
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Figure 7-4. Prevalence of lesion scores in the ceca in birds 

*CRP (cranberry), LBP (low-bush wild blueberry) or their combination added to respective diets at 5g/kg (0.5%); NC (negative 

control, unvaccinated); PC (positive control, vaccinated) 

 

 

 

 
Figure 7-5. Prevalence of lesion scores in the colon in birds 

*CRP (cranberry), LBP (low-bush wild blueberry) or their combination added to respective diets at 5g/kg (0.5%); NC (negative 

control, unvaccinated); PC (positive control, vaccinated) 
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Table 7-2 Growth performance of birds fed either cranberry and blueberry pomace or a combination of both 

        

Item NC PC Salinomycin* CRP0.5 LBP0.5 CRP+LBP SEM P-value 

Body Weight  (g)         

Day 0 43.4 43.3 43.4 43.3 43.5 43.4 0.08 0.745 

Day 14 287.1 289.4 280.0 294.4 296.1 288.5 6.98 0.647 

Day 28 1236.3 1225.0 1214.8 1209.3 1225.1 1246.4 15.83 0.598 

Day 42 2555.4 2544.1 2590.6 2497.9 2546.9 2555.3 31.28 0.486 

Body weight gain 

(g)         

Day 14 243.6 246.1 236.5 250.9 252.6 245.3 6.96 0.644 

Day 28 974.3 960.5 959.8 939.9 954.8 983.1 14.38 0.373 

Day 42 1318.8 1319.4 1376.0 1288.5 1321.6 1308.4 24.18 0.230 

Day 0-42 2511.9 2501.0 2547.4 2454.4 2503.4 2511.8 31.31 0.484 

Feed Intake (g)         

Day 14 399.0 402.5 371.5 371.4 392.8 373.9 13.85 0.378 

Day 28 1576.8ba 1573.1ba 1525.6b 1594.5a 1511.3b 1637.8a 23.65 0.007 

Day 42 2224.4a 2213.5a 2158.6ba 2090.9b 2187.4ba 2207.8a 39.58 0.030 

Day 0-42 4200.1 4189.3 4055.5 4056.9 4091.4 4219.4 50.93 0.067 

Feed Conversion Ratio        

Day 14 1.7 1.7 1.6 1.5 1.6 1.5 0.09 0.576 

Day 28 1.6 1.6 1.6 1.7 1.6 1.7 0.03 0.094 

Day 42 1.7 1.7 1.6 1.6 1.7 1.7 0.04 0.161 

Day 0-42 1.7 1.7 1.6 1.6 1.6 1.7 0.03 0.134 
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*Salinomycin sodium added at 60mg/kg (0.006%) in the specific medicated diet; Multi-enzyme supplement added at 0.05% in all the complete diets; CRP (cranberry), LBP (low-

bush wild blueberry) or their combination added to respective diets at 5g/kg (0.5%); NC (negative control, unvaccinated); PC (positive control, vaccinated) 
abc Means in the same row with different superscripts have significant differences (P<0.05) while means with the same superscript letter are not 

significantly different 
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Table 7-3 Abundance of bacterial phyla in ceca of broiler chickens fed berry pomaces individually or in 

combination 

 Phylum1 NC PC Salinomycin* CRP LBP CRP+LBP SEM P -value 

Actinobacteria 6.7 7.2 6.0 7.6 7.4 7.5 0.71 0.573 

Bacteroidetes 4.2 4.0 5.2 5.5 6.0 6.5 0.72 0.265 

Firmicutes 9.4 9.3 9.1 9.4 9.5 9.2 0.16 0.594 

Proteobacteria 4.6 4.7 5.7 4.8 5.3 6.0 0.63 0.497 

Tenericutes 4.7 5.1 0.0 5.3 5.7 3.8 0.49 0.501 
 1Data transformed to Log10 

 *Salinomycin sodium added at 60mg/kg (0.006%) in the specific medicated diet; Multi-enzyme supplement added at 0.05% in 

all the complete diets; CRP (cranberry), LBP (low-bush wild blueberry) or their combination added to respective diets at 5g/kg 

(0.5%); NC (negative control, unvaccinated); PC (positive control, vaccinated) 

 

 

 Table 7-4 Abundance of bacterial family in ceca of broiler chickens fed berry pomaces individually or in 

combination 

  1Data transformed to Log10 

*Salinomycin sodium added at 60mg/kg (0.006%) in the specific medicated diet; Multi-enzyme supplement added at 0.05% in all 

the complete diets; CRP (cranberry), LBP (low-bush wild blueberry) or their combination added to respective diets at 5g/kg 

(0.5%); NC (negative control, unvaccinated); PC (positive control, vaccinated) 

 

 Family1 NC PC Salinomycin* CRP LBP CRP+LBP SEM P - value 

Bifidobacteriaceae 7.7 7.2 6.9 7.6 7.4 7.5 0.53 0.920 

Coriobacteriaceae 4.7 Non-est 4.6 Non-est 4.5 4.7 0.41 0.969 

Rikenellaceae 4.2 4.0 5.2 5.5 6.0 6.5 0.72 0.265 

Bacillaceae 

Non-

est 4.2 Non-est Non-est 3.8 Non-est 0.45 0.656 

Enterococcaceae 3.6 3.9 3.9 5.7 4.9 4.7 1.27 0.873 

Lactobacillaceae 7.0 7.0 7.1 7.4 7.5 6.5 0.30 0.244 

o__Clostridiales;__ 5.6 5.8 4.6 5.0 5.8 5.8 0.30 0.092 

o__Clostridiales;f__ 6.0 6.1 5.9 6.7 6.4 6.4 0.61 0.952 

Clostridiaceae 4.8 4.2 4.6 5.6 5.3 5.8 0.31 0.060 

Lachnospiraceae 8.6 8.3 8.2 8.5 8.5 8.6 0.18 0.510 

Ruminococcaceae 8.3 8.3 7.9 8.2 8.2 7.9 0.22 0.614 

Erysipelotrichaceae 6.7 6.2 6.6 6.4 6.6 5.7 0.31 0.282 

Enterobacteriaceae 4.6 4.7 5.7 4.8 5.3 6.0 0.66 0.497 

o__RF39;f__ 4.7 5.1 Non-est 5.3 5.7 3.8 0.49 0.501 
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Table 7-5 Abundance of bacterial genus in ceca of broiler chickens fed berry pomaces individually or in 

combination 

 Genus1 NC PC Salinomycin*  CRP LBP CRP+LBP SEM P - value 

Bifidobacterium 7.7 7.2 6.9  7.6 7.4 7.5 0.43 0.920 

Eggerthella 4.7 0.0 4.6  0.0 4.5 4.7 0.36 0.969 

f_Rikenellaceae 4.2 4.0 5.2  5.5 6.0 6.5 0.63 0.265 

Bacillus 0.0 4.2 0.0  0.0 3.8 0.0 0.45 0.656 

Enterococcus 3.6 3.9 3.9  5.7 4.9 4.7 1.22 0.873 

Lactobacillus 7.0 7.0 7.1  7.4 7.5 6.5 0.30 0.244 

o_Clostridiales 5.6 5.8 4.6  5.0 5.8 5.8 0.29 0.092 

o_Clostridiales2 6.0 6.1 5.9  6.7 6.4 6.4 0.63 0.952 

Clostridium 4.8 4.2 4.6  5.6 5.3 5.8 0.32 0.060 

f_Lachnospiraceae 6.5 6.4 5.6  6.5 6.3 6.0 0.27 0.191 

f__Lachnospiraceae2 6.9 6.1 6.4  6.6 6.9 6.9 0.39 0.578 

Blautia 7.0 6.6 6.2  6.7 6.5 6.9 0.23 0.181 

Coprococcus 5.7 5.7 5.9  6.1 6.1 5.8 0.32 0.814 

Dorea 5.8 5.1 5.6  5.5 5.8 5.7 0.32 0.562 

Ruminococcus 7.4 7.2 7.3  7.7 7.6 7.6 0.24 0.660 

f__Ruminococcaceae 7.3 6.9 6.8  7.3 7.3 6.9 0.32 0.761 

Anaerotruncus 4.0 0.0 4.9  0.0 0.0 4.6 0.00 Non-est 

Faecalibacterium 7.3 7.5 6.9  6.6 7.0 6.4 0.47 0.526 

Oscillospira 5.8 5.7 5.2  5.6 6.2 6.1 0.33 0.397 

Ruminococcus2 6.6 5.9 5.7  6.4 6.3 6.2 0.26 0.166 

f_Erysipelotrichaceae 6.2 5.9 6.0  5.9 6.0 4.4 0.38 0.128 

Coprobacillus 5.8 5.5 5.3  5.4 6.1 5.5 0.32 0.504 

g_cc_115 5.1 0.0 5.0  5.3 0.0 0.0 0.42 0.871 

f_Enterobacteriaceae 4.6 4.7 5.7  4.8 5.3 6.0 0.63 0.497 

o_RF39 4.7 5.1 0.0  5.3 5.7 3.8 0.49 0.501 
  1Data transformed to Log10 

*Salinomycin sodium added at 60mg/kg (0.006%) in the specific medicated diet; Multi-enzyme supplement added at 0.05% in all 

the complete diets; CRP (cranberry), LBP (low-bush wild blueberry) or their combination added to respective diets at 5g/kg 

(0.5%); NC (negative control, unvaccinated); PC (positive control, vaccinated) 
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Figure 7-6. Abundance level of microbiota at the phylum level in the ceca of chicken fed berry 

pomaces and challenged with Eimeria 



 

 

119 

 

 

Figure 7-7. Relative abundance of microbiota at the family level in the ceca of chicken fed berry 

pomaces and challenged with Eimeria 
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Figure 7-8. Beta diversity between treatment groups in bird fed berry pomaces. Statistical analysis 

performed using pairwise statistical tests (PERMANOVA). 
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Figure 7-9. Chao1 alpha diversity of chicken ceca between treatment groups. Pairwise statistical tests 

(Kruskal-Wallis) (P= 0.57) 

 

Figure 7-10. Shannon alpha diversity of chicken ceca between treatment groups. Pairwise statistical 

tests (Kruskal-Wallis) (P= 0.52) 

 



 

 

122 

 

7.6.  Discussion 

Coccidiosis is an enteric disease which causes big economic losses to the poultry industry 

due to the decrease in nutrient uptake, depressed growth and suppression of immunity leading to 

co-infections with Clostridium perfringens the causative agent for necrotic enteritis (Gaucher et 

al., 2015). The use of an overdose of live-vaccines as a challenge tool has not been fully 

explored. Traditionally used coccidiostats such as ionophores are also facing the challenge of 

banning their  use in animal feeds and so dietary modifications such as the use of flaxseed, 

menhaden oil (Allen et al., 1998) and fruit pomaces have been proposed as alternatives (Q. Das 

et al., 2021). 

Severity of lesions caused by Eimeria spp. varied in this study depending on the region of 

the intestine affected and the species of Eimeria. Berry products either singly or in combination 

did numerically better in having less severe lesions compared to the PC treatment at the 

duodenum. More interesting is that blueberry recorded zero lesions of coccidia similar to the 

unvaccinated NC group of birds for E.necatrix. Studies by Q. Das et al. (2021) demonstrated the 

effect of CRP and CRP+LBP in reducing Eimeria oocyst shedding, and it is supposed that the 

polyphenolic components of berries are mitigating infection by suppressing the release of pro-

inflammatory cytokines  such as interleukin 4, thereby improving immunity. Another study using 

plant extracts of artemisinin from Artemisia annua was shown to be effective in reducing fecal 

shedding of E.acervulina and E.tenella oocysts and the mode of action is thought to involve the 

reduction of oxidative stress (Arab et al., 2006), a property which berry polyphenols have also 

been shown to have through their antioxidant flavone fractions (Ross et al., 2017). These results 

are not comprehensive and so the mechanisms of berries to control coccidiosis infection need to 

be further looked into. 

Growth performance of the broilers was not impacted by the Eimeria challenge. A ten 

times dose may not have been high to elicit severe lesions when seen from the lens of severity of 

lesions scores than did not exceed 2. A study to investigate the effects of monensin and oregano 

essential oil in preventing coccidiosis showed similar results to ours with no differences seen in 

the performance indices between the anticoccidial and the phytochemical (Bozkurt et al., 2016). 
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Our study thus shows that producers would not lose economically even with withdrawal of 

ionophores from use in poultry feed. 

With coccidiosis being an enteric disease, the challenge of the disease regarding 

microbial population is paramount to investigate. There is a diverse community of microbiota in 

the gut which would have a symbiotic relationship with the berry pomaces, breaking down the 

berries’ non-starch polysaccharides to produce short chain fatty acids that can be used both by 

the bacteria and the intestinal epithelial cells. Noteworthy in this study were the tendencies to 

have increased numbers of clostridium spp. of bacteria in both berry pomaces and their 

combinations, as these have a depressive effect on the growth and performance of birds as was 

also observed by Q. Das et al. (2021). On the contrary, high numbers of beneficial bacteria such 

as Lactobacillus, Ruminococcus and Bifidobacterium were numerically abundant in CRP and 

LBP plus their combination compared to the ionophore treatment and this we hypothesize would 

counteract the effects of clostridia organisms. 

In conclusion, the two pomaces continue to show similar effects to- but not advantages 

over antimicrobials at mitigating coccidia infections, and their synergistic activity has not been 

pronounced either. The growth performance data demonstrated no differences among the 

treatment groups and this gives space for future studies to continue exploring the mechanisms 

which dietary alternatives can be used to improve growth performance and prevent enteric 

disease
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Chapter 8.  Conclusions and recommendations 

8.1. Conclusion 

This research has investigated the potential of fruit pomaces as feed ingredients and feed 

additives in broiler diets in a bid to search for alternatives to antimicrobials and provide consumers 

with healthy safe food. 

The work started by looking at the possibilities of using four different pomaces: apple, 

blueberry, cranberry and grape, as feed ingredients that could supply energy to birds. This was 

done through a digestibility study in which various nutrient components were analyzed from each 

pomace. Additionally, the physiological effects of the pomaces in vivo were assessed by way of 

analyzing the plasma metabolite profile of the birds.  The results showed that the fruit pomaces 

contained high energy contents that would make them suitable ingredients in feed formulations. 

Plasma enzymes linked to liver damage were present in birds fed pomace-containing diets, though 

no mortalities were noted. 

The second experimental trial of this research ringed around two pomaces that were 

selected based on their polyphenolic content and fiber fraction as these were hypothesized to 

benefit chickens. Results from this experiment revealed that birds on pomace diets had depressed 

weights compared to diets containing an in-feed antibiotic, bacitracin. Birds fed diets 

supplemented with blueberry pomace had heavier liver weights, a probable indication of 

inflammatory response and birds also had increased levels of plasma aspartate transaminase that 

is linked to inflammatory processes in the liver. On the other side, blueberry pomace influenced 

the levels of Lactate dehydrogenase enzyme, by reducing its concentration in the finisher stages 

of the birds’ growth compared to cranberry and bacitracin. Cranberry pomace was able to reduce 

the plasma cholesterol levels, a characteristic that has been reported by other researchers in 

poultry and human studies. Microbiota data from this same experiment revealed that use of feed 

enzymes significantly increased the abundance of Proteobacteria while Bacteroidetes abundance 

was increased by both berries. A trend was noted with feed enzymes reducing the populations of 
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Ruminococcaceae, Lachnospiraceae, o__Clostridiales_unknown_f_, Erysipelotrichaceae, 

Mogibacteriaceae, Turicibacteraceae, Christensenellaceae and Eubacteriaceae. More research 

is needed to study the effects of feed enzymes in reducing pathogenic bacteria numbers. 

Antimicrobial resistance profile of Escherichia coli derived from chicken ceca showed evidence 

of blueberry pomace in making the bacteria susceptible at the starter phase of the broiler. Feed 

enzyme supplementation proved effective in reducing the number of E. coli isolates resistant to 

more than three antibiotics from 40 in no-enzyme group compared to 28. 

 The third experimental trial of this research focused on investigating the potential of 

cranberry and blueberry pomaces in reducing the enteric severity of coccidia infections. The 

results were able to show that the pomaces worked effectively to prevent intestinal lesions, 

especially as was with the case with blueberry in the case of Eimeria necatrix infection. The 

mechanisms of this anticoccidial property are still not well understood but thought to be because 

of the anti-inflammatory effects of the polyphenols. Additionally, growth performance results 

revealed no difference between the antimicrobial Salinomycin and the two pomaces.  

Overall, berry products seem to have some strengths in multiple aspects on gut health, 

performance, mortality indices, microbial population and antimicrobial profile compared to 

established antimicrobials. Weaknesses lay majorly in the depression of growth when compared 

to antibiotics as this would be of great concern to poultry producers.  

8.2. Recommendations  

It is prudent to pursue further the weakness that may be apparent or not in comparison to 

antibiotics as we move toward an antibiotic-free era of poultry production.  

The different berry products at different inclusion levels and their effect on performance 

of chickens and microbial population alteration needs to be investigated further.  

Plasma metabolite profile was carried to investigate the physiological and biochemical 

effects of pomaces in the birds, but it would be beneficial to also look at the polyphenolic levels 

in blood plasma to make informed derivations of the absorption and bioavailability of 

polyphenols in the bird. 
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Pomace and feed enzymes were used in this study as top-dressed additives, therefore we 

cannot make proper inferences as to whether the feed enzymes acted solely on the pomace or 

other components of ingredients in the diets. We recommend that future research should look 

into pomace hydrolyzation with feed enzymes prior to feed manufacture so that they 

hydrolysates rich in bio-actives would be the readily accessible component at ingestion of feed. 

The immune-modulatory effects of the pomaces should be investigated further especially 

in the challenge models with coccidia to demonstrate the specific genes that are activated in 

stressful situations as the vaccine-challenge model. 

Feed accounts for more than 70% of costs in broiler production and the economics of 

scale when using pomaces as ingredients or additives is of crucial importance. Thus, it will be 

beneficial to do a cost-benefit analysis of their inclusion in practical broiler diets, as this will also 

contribute to evaluation of pomace use to sustainable poultry production. 
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